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ABSTRACT

. The general transmissivity equation for computing slant-path molecular ab-
gorption spectra is developed and two methods for evalvating this equation, the
direct integration and that which assumes u model of the band structure, are dis-
cussed. Five band models are discussed and twelve methods for computing mo-
lecular absorpti~n hised on these band models are presented, Spectra computed
by band-model riethods are comoared with spectra calculated by direct integration
of the general transmissivity equation and with open-air tield measurements of
absorption spectra. Conclusions concerning the capability of band-model methods
for predicting slant-path abscrption spectra are stated and recommendations for
future research are outlined. A summary of open-air field measurements of ab-
gorption spectra and laboratory measurements of absorption spectra for homo
geneous paths i3 presented and a computer program for computing the equivalent
gea-leval path, the Curtis-Godson equivaleut pressure, and the abscrber concen-

tratior for atmospheric slant paths for any model atmosphere is given in appendix I.
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BAND-MODEL METHODS FOR COMPUTING ATMOSPHERIC
SLANT-PAYH MOLECULAR ABSORPTION

INTRODIUCTION
The literature devoted to the development and presentation of methods for computing at-
mospheric slant-path molecular absorption based on assuming models of the band structure is
extensive. This state-of-the-art report summarizes the literature, discusses the advantages
and limitations of such methods, and demonstrates the degree of correctness with which ab-
serption spectra computed by band-model methods can predict the true absorgtion spectra for

an atmospheric slant path.

In recent years there has bven considerable interest in predicting the amount of atmo-
spheric attenuation of electromagnetic radiation for a wavelength range extending from the vis-
ible to the far infrared. Knowledge of the amount of radiation which will be transmitted by the
atmosphere between a heat source and a detector is required [or the design of infrared equip-
ment. Other concerns are the amount of sky-background radiation a detector will see and
problems of radiation transfer in the atmosphere. These diverse problems require values of
attenuation spectra ranging from mere approximate values of attenuation for broad spectral

intervals to fairly accurate. high-resoiution attenuation spectra.

In order to fulfill such diverse requirements, extensive resear<a has been dcne in the past
decade with the objective, first, of specifying and defining the problem of atmospheric attenua-
tion . and second, of developing methods for predicting the attenuation for arbitrary atmospheric

slant paths for assumed model atmospheres,

In general, there are five attenusting mechanisms which may be associated with the atmo-

sphere:

(1) Absorption by the ozone in the Hartley continuum

{2) Rayleigh scattering by molecular nitrogen ard oxygen
{3) Particulate or Mie scattering

(4) Resonance atomic absorpticn

(5) Molecular band absorption

In the spectral range from 0.2 to 0.32 ., photo-absorption associated with the decomposi-
tion of ozone plays a dominant role in attenuation. In this range, stienuation is very sensitive
to wavclength and the ozone density. Unfortunately, the ozone dersity is a compiex function of

altitude, the functional relationship being variabie with time and geographic location,
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Rayleigh scattering by molecular nitrogen and oxygen must be considered in the ultraviolet
and visible regions. From the standpoint of both the distribution of the scattering mstter and
the wavelength dependence of ihe absorption coefficients, this is the simplest of the attenuating

mechaniame to be considered here,

The presence of haze or trace distributions of particulate matter in the atmosphere causes
Mie scattering— a phenomenon of particular importance to ground-based observations. This
scattering problem becomes less acute as reasonable aititudes are achieved since the particu-
late matter is generally confined to lower altitudes. It is a rather complex problem, however,
because the wavelength dependence of the absorption coefficient is a function of particle size.

The spatial distribution of particulate matter is fairly complex and still relatively unknown.

The most complicated and difficult attenuation problem arises from molecular band ab-
sorption, The molecules in the atmosphere which have vibration-rotation resonance freguencies
in the infrared, and hence give rise to absorption, are water vapor (H20), carbon dioxide (COz),
ozcne (03), nitrous oxide (N20), methane (CH 4}, and carbon monoxide (CQ). H20, C02, and 03
cause the greatest amount of absorption because they have strong absorption bands and exist in
the atinosphere at reiatlvely high concentration. The molecular species CO, N20, and CH 4
demonstrate significant amounts of absorption only when the iine of sight passes through a large

number of air masscs,

To completely specify the amount of attenuation of some source of radiation as it traverses
an atmospheric slant path, it would be necessary to consider each of the five mechanisms, How-
ever, each attenuation mechanism constitutes a complex problem warranting separate treat-
ment, In this report we consider only the probiem of molecular absorption, and place particular

emphasis on band- model methods of computing the absorption caused by an atmospheric slant path.

The problem of calculating the molecular absorption by any one of the absorbing species
mentioned above is extremely complex because of the many variables that must be known be-
fore the computation can be performed. In general, it is necessary to specify the meteorological
conditions that exist at each point along the path, including pressure. temperature, and the con-
centration of each absorber. Also, for a given waveicugth interval, the location, intensity, and
shape of each absorption line must be specified 2s well as the functional reiationships between
these parameters and meteorological conditions. if all of the above quantities are known, then
the absorption spectra for any desired resolution ¢an be determined by euinming the contribu-
tion to absorption of each spectral line throughout a glven wavelength interval, This method is
most easily applicd to homogeneous pulhs but can be extended to slant paths by performing a
direct pressure integration along the path.

s, gy b Mg vammn | r—

S e

e




= -

WILLOW RUN LABORATORIES

The method of summing the contribution of each spectral line is the most rigorous way of
determining atmospheric absorption since it involves a direct integraiion of the generai trans-
missivity function which specifies the absorption of an atmospherlc slant path. Although rigor-
ous, this method has not received general application for all abscrbing species and all spectral
regicns since the necessary line parameters are Jmown fairiy accurately for only a small portion
of the spectrum for the major absorbing species and are almost unknown for the minor consti-
tuents. Because knowledge of the band parameters is limited and because the direct integration
involves such extensive computational labor, alraosat all of the currently available methods for
computing absorption use approximations which reduce the general transmissivity function to a
form which expresses the transmission averaged over so. .ie interval, in terms of eiementary
functions. The simplified equation is then used in conjunction with laboratory homogeneous-
path data to predict absorption for other hoinogeneous paths. This last restriction necessitates
the reduction of a slunt path to an equivalent homogeneous path. The standard approach used in
performing the simplification of the general transmissivity function is to use a model of the band
structure, that is, to assume that the line posgitions and strengths are distributed in a way that
can be presented by a mathematicai modei,

It should be pointed out that both the rigorous calculations and the band- model methods re-
quire laboratory data, but with this difference: the rigorous calculations depend upon high-
resolution spectra to obtain the necessary line parameters prior to performing the direct inte-
gration. Band model methods involve empirically fitting the integrated transmissivity function
to iaboratory spectra to specify equivalent line parameters.,

The rigorous calculations would appear to yield results that are more exact since the line
positions are not simulated. However, the model calculations are more accurate at the present
time for some molecules in some spectral regions. The reason for this is related to the inac-
curacies in the shape, intensity, and half- width of the spectral lines. The zreat advantage of
using a direct integration is the ability to extrapolate over extreme ranges of pressure, tem-
perature, and absorber concentration and the fact that much higher resolution is obtainable than

from band- model calculaticns.

In section 2 of this repcrt, the general transmissivity function for determining atmospheric
slant-path ahsorption is derived and the simplification of this function through the use of band
models is performed. The equations for determining an equivalent homogeneous path for an
atmospheric slant path are also derived and methods of empirically fitting band- model absorp-

tion equations to homogeneous-path absorption spectra are presented,
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2
GENERAL THEORY OF ATMOSPHERIC ABSORPTION

1

The atoms of any molecule not at absolute zero are constzntly oscillating about thetr posi-
tions of equilibrium. The amplitudes of these osciliations are extremely minute and their fre-
quencies ai'e high. Since these frogucncies are of the sane orders of magnitude as are infrared
radiations, some direct relationship might be expected between motions of the atoms within
molecules and thelr effects »n infrared radiation incident upon the atoms. Actually, those mo-

lecular vibrations which are accompanied by a change of dipole moment, so-called "Infrared-
active" vibrations, absorb by rcsanance all or part of the incident radiation, provided the fre-
quencies of the latter coincide exactly with those of the intramolecular vibrations. Thus, if a
sample of molecules of a single absorbing species is irradiated in succession by a series of
monochromatic bands of infrared, and the percentage of radlation transmitted is plotted as a
function of either wavelength or frequency, the resulting graph will show regions of absorption
centered at each of the resonant frequencies. The percentage transmission is generally dif-
ferent for each resonant frequency, depending upon the energy of the molecular transition.
These regions of absorption are known as spectral lines, If the sample of molecules belng ir-
radiated is at a pressure so low that there is a minimal amount of molecular interaction and

at a temperature so low that there is little relative molecular motion, then each of th~ spectral
lines would be extremely narrow and in the limit would have an infinitesimal width. For at-
mospheric conditions the pressures are such that there is a significant molecular interaction
giving rise to spectral lines which absorb over a range of frequencies. Although asymmetrical
lines have been observed for some molecules under some conditions, for the most part the ab-
sorptlon of a spectral line is a maximum at the resonant frequency and decreases to zero as-

ymptotically at smaller and greater frequencies in a symmetrical manner.

Because the spectral lines of atmospheric gases are generally clustered in bands of fre-
quencies, there are certain broad regions where no absorption exists and other regions where
the absorption is almost continucus, For example, water vapor has twc absorption bands near
2.7 1 containing approximately 4000 spectral lines. Figure 1 shows the near-infrared solar
spectrum of atmospheric air and laboratory absorption spectra for each of the infrared-active
atmospheric gases. In order of presentation, carbon monoxide has one fairly weak band at ap-
proximately 4.8 u, Methane has two regions of absorption at 3.2 and 7.. . The second methane
band is almcst completely obscured by nitrous oxide which also absorbs at 7.3 . The strongest
of the two nitrous oxide bands is cenfered at approximately 4.7 u. Ozone has two bands, one at

9.6 i and the other at 14 y. The two remaining gases, carbon dicxide and water vapor, are the
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most significant contributors to atmospheric absorption. Carbon dirxic: has three strong bands

at 2,7, 4.3, and 15 . Water vapor has a greater number of absorption bands than any other ab-
gorbing species with bands at 1,14, 1,38, 1,88, 2,7, 3.2, and 6.3 p,

The absorption of infrared radiation by atmospheric gases is then characterized by discrete
bands consisting of a large number of overlapping spectral lines of various sirengths which are
distributed throughout the band. The degree of overlapping depends upon the line half-wiaih,
and the distribution of lines throughout an absorption band depends upon the absorbing molecule.
For example, the line positions for water vapor are distributed unevenly, in contrast to carbon
dioxide, which displays a relatively reguiar spectral-line distribution.

2.1. GENERAL EQUATION FOR SLANT-PATH ABSORPTION

The general equation which specifies ihe molecular absorption of an atmcspheric slant path
composed of a single absorbing ges may be derived by considering the Lamberi-Beer law. This
Iaw is rigorous when the absorption coefficient does not vary over the spectrai bandwidth under
congideration, It states that the decrease in spectral intensity dI(x, +) which is caused by ab-
sorption in a (thin) differentiai section of path dx, is proportionai to dx, to the intensity I(x, )
of the radiation incident on the front face, and to the concentration p(x) of the absorbing mote-
cuie. The proportionaiity constant is designated k(x, 3. Mathematicaily,

di(x, ¥ = -I{x, vk(x, We(x)dx

Integration gives the transi:ission 7 over a path from x= O tox =X,

X
(X, ¥ = exp [I k(x, ¥)pix)dx
0 J

To determine the transmission over a finite frequency interval the average is taken:

X
%) = f {exp U k(x, ¥)p(x) dx]} dv
Av 0

Rewriting in terms of absorption, we have the average absorption for the frequency interval Av

given by
1 X
A= E}J. 1-exp 5 kix, vip(x)dx| »dv (1)
Av 4]
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where p(x) is the density of the absorbing gas
x is the distance aiong the path

k(x, ¥} is the absorption coefficient

The absorption and its functional form with respect to the path therefore depend upon ‘he
form of the absorptlon coefficlent within the Interval Av. Let us assume that the interval A v
contains a single spectral line and let us specify the various forms of k{x, V), where each torm
depends upon the environmental condltions of the absorbing gas.

If only one molecule of gas were present, the form of k(x, v) would simply be a constant
having a value only au ¥,, the center frequency of the spectral line, In general, there are many
gas molecules present and the fact that gas molecules colllde gives rise to the Lorentz pres-
sure-broadened line which is considered fundamental for the whole theory of atmospheric

transmission. The form of k{x, V) as given by the Lorentz theory is

a

kx, ¥ =2 —-L—— @

(v- VO)Z va
In this equation, Y0 is the frequency at the line cenier and 8 is the line strergth which depends
upon temperature according to

T,-T
372 -E" "0
§=8p(Ty/D " exp (_k_—'F""o—)

where E" is the vibratlon-rotation energy of the initial state. The half-width of the line (aL) de-
pends upon pressure and temperature in the following manner:
- N
a =a fl)(&j
L LU\P AT
\ 0\

where P is the effective broadening gressure. It is different from the total pressure because
the absorbing gas molecules are more effective in broadening than are the foreign gas mole-
cules. Burch et al. [1] have shown for CO2 that P equals the total pressure plus 0.3 times the
partial pressure of COZ' T ls the absolute temperature, and n depends upon the nature of the
broadening gas and line center frequency. For nitrogen-water vapor collisions, Benedict and

Kaplan [2] show n = 0.62 tc be a good representative value. Here S, and a, , refer to the

LO
strength and half-wldth, respectlvely, calculated at a reference temperature TO'

A study by Winters et al. [3] of an isolated C‘.O2 apectral line shnwed that the intensity in
the wings of the line decreased more rapidly than predicted by the Lorentz expression. On the
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basis of this study Benedict proposed the followlng empirical expression for the spectral line
shape of COz:

a
5 L
kix, ¥ =3 -——3—= [¥= %] #
(v- vo) + aL

§:\aL exp (-a V- vy
n 2
(v- vo) + aL

-), |v-v0|-‘.’d

where d {s the average spacing between spectral lin.s

a-= 0.0675
b= 0.7
d=2.5cm’!

1

The value of A is chosen to make the two forms continuous at |£' = 0| =d=25¢cm .

There is a second cause of line broadening known as the Doppler effect which is related to

the relative motions of the molecules. The pure Doppler broadened line [4] is given by

2

k(x, V) = koe'y (3}
where

1/2
ko= &S_(ﬂ_nni)
D
(v-v)
y= (tn 2)'/2
“b

and ey the Doppler half- width at half maximura, is given by

1/2
=T
=t 8 — R
a_ = 3.58x 10 (“) "0

where M = molecular weight.

For lower altitudes where the atmospheric pressure is high, the Lorentz half-width, @
is dominant. As the atmospheric pressure decreases, the Lorentz half- width decreases and
the influence of Doppler broadening becomes more marked. For the 15-p 002 band, !ie Dop-

pler and Lorentz half-widths are equal at about 10 mb [5] and at iower pressures the Doppler

.
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half-width is greater. Thus, ove." 2 wide range of atmaospheric pressures it is necessary tu

congider the mixed Doppler-T.orcntz line shape to be completely accurate, The absorption

. coefficient for the mixed broadening is given by reference 6:

kqu © e—t2

k(x, v) = —— 5 3 2dt @
' ou o+ (Y-t)

/-l

where ko, Y are as before and
o
u= L pl/?

Four different forms for kix, v) have been stated, each form accurately representing the
shape of a spectral line if the appropriate conditions are satisfied. Therefore, to completely
specify the absorption as given by equation 1 it is necessary to substitute the anprapriate form
of k(x, 1).

Let us assume that the spectral interval over which equation 1 is defined contains many
spectral lines, Then we have
1, (K .
Adps= 1- exp _EZ.{ kix, Vplx) dx {3
Av i=1 g

Equation 5 is the general equation for specifying the absorption of & given species over an at-
mospheric slant path, the range of pressures encompassed by the path defining the specific

form for the absorption coefficient k(x, v).

To better understand the parameters that must be specified before equation $ can be evai-

uated let us assume that the siant path is such that the Lorentz line shape is valid. Then equa-

I 1

8.a. plx)
1 it

AAv= 1- exp -;Z -mdx dv (6)
o, i

tion 5 becomes

i=1
av B

The summation is over the total number of lines in the spectral interval and Sn is the strength
of the nth line, an is the half- width of the nth linc, and vy is the center frequency of the nth line,
n

The proklem of determining slant-path transmission spectra is then to evaluate equation §

for each frequency within the spectral intervai of interest., To perform this evaluation, the

foilowing four parameters must be specified:
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(1} The shape of each spectral line

(2) The location of each spectral iine

(3) The intensity and half-width of each line and their s-~riatiors with temperature and
pressure

(4) The density of the absorber at each point in the path

In theory, if all of these parameters were known exactly for all absorption bands and for
all absorbing species, the infinity-resolved transmittance could be determined simply by sum-
ming the contribution to absorption of each spectral line at each wavelength. Uniortunately,
although the iine positions are documented, the line parameters such as intensity and half-width
50 band and the 15-4 CO, band. Drayson [5] has
evaluated equation 6 for the 15-y 002 band for 200 paths ranging from sea level to the limit of

are known fairly accurately for only the 2.7-p H

the atmosphere for zenith angles extending from the horizontal to the vertical. Some representa-
tive spectra are presented in section 7 of this veport. Gates et al. [7] have also evaluated egua
tion 6 for the 2.7-u H20 band for homogeneous paths. Samples of their spectra are also pre-

sented.

The method for computing absorption by the direct integration shown in equation 6 ig classi-
fied as the rigorcus method since it sums the contribution of sach spectral line* aiter first de-
termining its position and intensity. This is in contrast to the mathod which assumes that the
positions and intensities ocbey some mathematical model. The rigorous method requives a great
amount of computational labor and the process must be completely repeated for each slant path.
The advantages of this method are its ability to extrapolate over extreme conditions and that any

resolution is obiainable since Av in equation 6 may be made as small as desired.

2.2. BAND MODELS FOR COMPUTING SPECTRAL ABSORDPTION

2.2,1. INTRODUCTION TO THE BAND-MODEL CONCEPT. Many applications do not re-
quire a highly accurate determination of the absorption spectra, but only a first-order approxi-
mation to the true spectra, and in many cases the spectra may Lave relatively low resolution,
Therefore, aimost all uf the available methods for computing atmospheric absorption use

approximations which reduce equation 6 to a form which expreszes the transmission, averaged

*All spectral lines are not necessarily included, but only those having an intensity greater
than a certain mininmuin value.
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over some interval, in terms of elementary functions. The simpltfled eqvation ts then used

*vith laboratory homogeneous-path data to predict absorption for other hwoinogeneous paths,

The classical approach used in performing the simplification of equation € is that of using
a model of the band structure. That is, it 15 assumed that the line positions and strengths are
distributed in a way that can be represented by a simple mathematical model. The most con:-
monly used band models are listed here,*

(1) The Elsasser or regular model [B-1C] assumes spectral lines of equal intensity, equ:l

spacing, and identica! Lalf-widths, The transmission functlon is averaged over an interval

equal to the spacing hetween the line centers,

{2) The statistical or randrm model, originally developed for water vapor assumes that
the positions and strengths of the lines are given by a probability function. The statistical

model was suggested by Telles and worked out by Mayer [11] and (independently} Goody {12].

(3) The random-Elsasser model [10] is a generalization of the Elsasser medcl and the
statistical model. It assumes a random superposition of any number of Elsasser bands of dif-
ferent intensities, spacings, and half-widths, Therefore, as the number of bands ranges from
one of Infinity, the band model extends, respectivcly, from the Elsasser model to the purcly
statisticat model. This generalization, therefore, yields an infinite set of absorption curves

between those of the Elsasser and statistical models.

{4) The best available model is the quasi-random model [13]. It is capable of falrly ac-
curate representation of the band provided the averaging interval is made sufficiently small.

Howevcr, of the five models, it requires the greatest amount of computation.

{5) The King model [14] congists of an infinite array of lines, either randor or regular,
which is modulated by a band envelope whose intensity falls off exponentially frem the band

center.

2.2.2. A SINGLE LORENTZ LINE. Le! us consider the zbsorption caused by a single
spectral line of a homogenecus path of a single absorbing gas. Let us assum¢ that the shape
of this llne is represented by the Lorentz equation. For these conditions the absorption is

given hy

* Other band models have been developed and are discussed in delzil by R. M. Goody
{Atmospheric Radiation, O~ford University Press, 1964). The models tisted here are those
that have recaived general application.

11
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( X B
1 Sap
AAv = l-expl-= _—_E—'_'de dv (D
9 (v-v) +a
Av 0 0)

For a homogeneous path 8, ¢ and p are constant; equation 7 further reduces {o

\
AAv= 1-exp -TST Elvz———z }dl’ (8)
) (v - vo) +a
X
where W = j pdx = pX and is defined as the optical path length.
0

A plot of absorption versus frequency is shown in figure 2 for different path lengths, or
for different values of W. The absorption caused by this line for a path of length xl wovld be
considered a weak line since the absorption is smali even at the line center, For a path of
length x3 the center of the line i3 completely absorbed away and any further increase in path
length would only change the absorption in the wings of the line. Absorption by paths of length

équa.l to or greater than Xa would, therefore, be considered strong-line absorgtion.

In equation 8, if it is assumed that the interval Av is such that the entire line is included,
then the limits of integration can be taken from - to « without introducing a significant error.
When these limits are used, eguation 8 can be solved exactly for the total absorption. Ladenburg
and Reiche [15] have solved the integral to obtain

Adv= 2nawe"p{10(tp) + L) (9

where v = SW/2n¢ and Ii} and 11 are Bessel functions of imaginary argument. Examining equa-
tior. § under conditions of weak-line and strong-line absorption, we have for weak-line absorption
Y << 1; equation 9 reduces to

Adv= 21y = SW (10)

and absorption is linear with the optical path length W. Under conditions of strong-line ab-
sorption  is large and equation 9 reduces to

Aav = 2/SaW (11)

which is known as the square-root approximation, The above derivations are for a single spec-

tral line but are also valid for absorption when many spectral lines arc present but do not

12

P V——

oy oo g,

vl 2 . 17 A B A . . P ¥t ey ™ s T

R vt e




WILLOW RUN LABORATORIES

2a
o
9
=
e
(®]
/7]
s
<
|
Y0
FREQUENCY
FIGURE 2. ABSORPTION VS, FREQUENCY FOR A SINGLE LINE #

13




WILLCW RUN LABORATORIES

overlap. Therefore, for the nonoverlapping approximatlon the absorptlon 1s simply given by
equation 9, 19, or 11, depending upon the value of .

2.2.3. ELSASSER MODEL. The Elsasser model of an absorptlon band 1s formed by allow-
ing a single Lorentz line to repeat itself periodicaliy throughout the Interval Ar. This gives
rise to a serles of llnes that are equaily spaced and that have a constant Intenslty and half-
wldth throughout the interval. This arrangement of spectral llnes was flrst proposed by Elsasser
[8] and his derivation is presented here. The abscrption coefficlent for a periodic band 1s glven
by

ENE/]

, S
12)

L Ty nd) 2,2

n=-o

It is possible to express equation 12 In terms of an analytical function owing to the fact that if
such a function has only singie poles, it is uniquely defined by these poles. Therefore, equation
12 is equivaient to

sinh 8
dcosh 3 - cos s

()—~ (13)

where 8 = 2ra/d
s = 2nv/d

I¥ the averaging interval Av is taken as one perici of the band (Av = 21), then equation 6 becomes

m
A= T J . {1 - exp [-Wk(B, 9)] } ds (14)

This integral has been evaluated by Elsasser [16] to give the general expression for absorption
by an Elsasser band, nameiy

Y
A - sinh ﬁ‘[ IO(Y) exp (-Y eosh 8)dY (15
0

where $ = 2na/d
" = py/sinh 3
¥ = SW/2na
d = mean spacing between spec.ral llnes

A plot of this function for various values of 8 is given in figzure 3. Becausc the functiun in its

present form is difficul! to evaluate, considerable effort has been expended comparing

14
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anproximate formulae and evaluating the integral, Kaplan [17] has expanded the integral into
a series which is convergent only for values of 8 less than 1.76. D. Lundholm [18] derived an
algorithm for the Elsasser integral which is convergent for ail valves of § and . The algo-
rithm and a computer program, written by Oppel, for the evaluation of the Elsasser integral
based on this algorithm are presented in apperdix I.. However, it is frequently deslrable to
work with approximations to the function which are valid for certain conditions,

2.2,3,1, Weak-Line Approximation, In figure 4 the absorption given by equation 15 is plot-
ted as a function of the product Sy = 8W/d for four values of 8. It is noted for 3 = 1 that the

absorptiou curves become superimposed ior all values of Y/, Since the parameter § measurzs
the ratio of line width to the dlstance of neighbtorlng line, 8 = 1 implies that the spectral tines
are strongly overlapped and spectral line structure is not observable. This condition corre-
sponds to large pressures which would be reaiistic for atmospheric paths at low altitudes.
Far 3 = 1, equation 15 can be approximated by

A-1-eP (18)
Further, equation 16 is a good approximation to equation 15 whenever the absorption is small
at the line centers (small'y} regardless of the value of 8. Therefore, this approximation is re-
ferred to as the weal:-line approximation, and, as will be shown later, is independent of the
position of the spectral lines within the band. Table 1 summarizes the regions of g8 and  for
which the weak-line approximation is valid with an error of less than 10%, This approximation
is particularly useful ir extrapolating the absorption to small values of ¥ and to large values
of pressure. Note that the weak-line approximation reduces to the linear approximatlon when
the absorption is small even if the lines overlap.

2,2,3,2, Strong-Line Approximation. Of increasing interest are the long atmospheric

paths at high altitudes which give rise to iarge values of W and small values of pressurz, Un-
der these conditions the absorption at the line centers is usually complete {large iy}, the hali-

widths are narrow, and the lines do not overlap strongly (small #), For large ¥ and small 3,

equation 15 may be approximated by

1.2 \M/2
A =erf (§£3 tP) %]
where
t 2
erf (t} =—Ej (3 ; At
v 0
16
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FIGURE 4. ABSORPTION AS A FUNCTION OF
fy= 5W/d FOR THE ELSASSER MODEL. The
weak-line appraximation is thie uppermost curve,

TABLE I. REGIONS OF VALIDITY OF VARIOUS APPROXIMATIONS
FOR BAND ABSORPTION*

Statistical
Statistical Modei;
Model; All Expon#ntlal
Eisasser Lines Equally Line Intensity
Approximation g =2na/d Modei Intense Distribution
Strong-line 0.001 ¥ >1.63 ¥ >1.63 ¥y >24
approximation: 0.01 v > 1.63 ¥ >1.63 lPo >2.4
0.1 ¥ > 1,63 ¥ > 1.63 Vo > 2.3
Equations 17 and 25: 1 ¥ >1.35 ¥ >1.1 v > 14
10 ¥ >0.24 v >0.24 Vo >0.27
100 W > 0.024 W >0.024 lPO >0.24
Weak-1ine 0.001 ¥ <0,20 ¥ <0.20 lP;J <0.10
approximation: 0.01 ¥ <0.,20 ¥ <0.20 vy <0.10
0.1 W <0.20 ¥ <0.20 ¥p <0.10
Equation 16: 1 V<o ¥ <0.23 ¥p <0.11
10 ¥ <o ¥ <o Vg <o
100 ¥ <w V<o Vg <o
Nonoverlapping- 0.001 ¥ <600,000 ¥ < 63,000 ¥p <80,000
line 0.0% ¥ < 6000 ¥ <630 NPO <809
approximation: 0.1 ¥ <60 ¥ <6.3 ¥y <8
1 ¥ <0.7 W <0,22 NPO <0.23
Equations 26 and 33: 10 ¥ <0,02 ¥ <0.020 ¥g <0.020
100 ¥ <0.002 ¥ <0.0020 ¥g <0.0020

*When ¥ = SW /944 satisfies the given inequalities, the indicated apprexima-
tion for the absorption is valid with an error of lcss than 10%. For the cxponcn-
tial {ine intensity distribution, ¥4 = S9W/g,,, where P(S) = 80-1 exp (-8/8;).
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which 1s known as the strong-line approximation to the Elsasser hand model. Figure 5i5 a

plot of equation 15 with absorption as a function nf Bzxp. For 8 = 0,01, equations 15 and 17 are
superimposed for Bzw > 0,0003, Clearly, given amail 8 and large t, equation 17is apartlcularly
good approximation for representing the absorption when 3 =1, If 8 £ 1, then equatlon 17 is
valid whenever 0.1 £ A = 1. This includes most values of absorption that are usualiy of Interest.
This case differs from the square-root approximation in that it is not necessary that the lines
do not avariap. For overlapping spectral lines {larger 3}, the values of { for which the approx-
imation is valid are simply reswricted to large values of ¥. The specific regions of validity are
given in table 1.

2.2.3.3. Nonoverlapping Approximation. The third approximation to the Zlsasser band

model is known as the nonoverlapping approximaticn, The regions of validity for the strong-
and weak-line approximations depcnd only upon the value of absorption at the frequency of the
line centers and do not depend upon the degree of overlapping of the spectiral lines. On the
other hand, the only requirement for the validity of the nonoverlapping-line approximatlon is
that the spectral lines do not overlap appreciably. 1t is valid regardless of the value of the
absorption at the line certers. This approximation is particularly useful for extrapolating the
absorption to small values of W and small values of pressurc which correspond to shuri paths

at high altitudes. Undcr these conditlons equation 15 reduces to

A= By 1 ) + 1, ) (18)

which is exactly the same expression as that obtained for the absorption by a single spectral
line. This is an expected result, for if the lines do not overlap there will be only one line that

contributes to the absorption at a given frequency.

In figure 6, A/f is given as a function of . The uppermesi curve s the nonoverlapping
approximation. For i << 1, the curve has a slope of 1 {i.e., a region where the weak-llne
approximation is valid) and for i >> 1 the curve has a slope of one-half {i.e,, a regivn where the
strong- line approximation is valid). The region of validity for various values of 8 and ¥ are
given in table 1.

The gencra! cxyression for absorption by an Elsasser band given by equation 15 and the
strong-line approximatlon (eq. 17) are useful for determining absorption by CO2 since the bands
consist of falrly regutarly spaced lines. However, the bands of H20 and 03 have a highly ir-
regular fine structure and cannot be well described by equation 15. To develop an analytical

expression for the transmissivity function for H20 and 03 we must employ statistical methods.
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2.2.4, STATSTICAL BAND MODEL, Let Av be a spectral interval in which there are n

lines of mean distance d:
Av=nd (19)

Let P(Si) be the probability that the ith iine wiil have an intensity Si and let P be normalized;
then

o
f PS)dS =1 {20)
]

We assume that any line has equai probability of being anywhere in the interval 4. The mgan
absorption clearly does not depend upon v provided we are far enough away from tae edges of
the interval. W= shall, therefore, detrrmine it for v = @, the center of the interval. If ve jet

tire center of the ith line be at v, - u.‘, then the absorption coefficient becomes
o
ki(si! yi) = k(U= ull yo = 0)

The mean transmissivity is found by averaging over all positions and al! irtensities of the

lines; thus
(o ] s ]
- _Lnj av, .. j dv I p(sl)e'"‘"’ds1 . I p(sn)e"‘wdsn
ay" ‘av av Mo 0

But since all integralc are alike,

- {hfef pe¥ag] - [1- Lfavfrmu - Wy’

Since Av = nd, when n becomes large the last expression approaches an exponential; therefore,

3 &vexp [% [ps)a, an) dS] 1)
o -
where
(A, ] = j i1 - e ™Waw
av
Al is the abscrptivity of a single line taken over the interval Av,
20

-4

e —

T T o P g W A AT vyl Sty s NP g 998 Y




—

~— WILLOW RUN LABORATORIES

2.2.4.1. Equal Intensity Lines. Equation 21 can be evaluated for two special cases, First,
vhen all the lines have equal intensities equation 21 reduces to

-A_ Av/d
R A

Rewriting in terms of absorption, we have

A=1-expfave ¥ 0) + L)) (22)
If each of the lines absorbs weakly so that J is small, then equation 1€ reduces to

A=1-exp(-8¢) @3

This is the weak-line approximation to the statistical model with all lines equally intense. K
the lines absorb sirongly hen equation 22 reduces to

A =1 - exp (-2VSaW/d) (24)
In terms of 8 and ¥,
" g \1/2
A:l-e:..r‘—;ﬁ :,b) (25)
-

This is the strong-line approximation to the statistical model in which all lines are equally
intense.

The nonoverlapping apps oximaiiou to equation 22 is obtained from the first term in the
expansion of the exponential, so that

A= 3¢e“”[10(w) + L, (¥)] £

This is the same expression as {hat obtained for the nonoverlapping approximation to the
Elsasser model, equation 18,

2.2.4.2, Line Strength by Poisson Distribution. Next let us consider the case where the
lines are of different strength and the distribution for the probability of their strength is a
simple Poisson distribution, namely,

-8/8
P(8) = -S%e g {27
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By letting k = XS in equation 21, we obtain

reem (3 J mmq“d'”\ (@)
\ AV 0 }
We now introduce the Lorentz line shape

o

Kz ——er
n(v2 + az)

This vanishes fast enonugh for large Av that we can extend the integration in equation 28 from
- to w, giv.ug

WS _a
7= exp |- 0 —| (28)

2
dVa' + (WSGQ)/ﬂ-I
Rewriting in terms of absorption and 8 and , we have

A-1_exp [-13%/(1 + 2w0)1/ 2] (30)

where "DO = SOW/Zﬁ'a. This is the formula first developed by Goody and is therefore referred
tec as the Goody band model.

The weak-line approximation to equation 30 is obtained when 1};0 «< 1, Under these con-
diticns equation 30 becomes

A=1-exp (-8 {31)

The strong-line approxiination to the statistical model with an exponential distribution of
line strengths is obtained when "b{) >> 1, Under these conditions equation 30 becomes

A=1-exp ‘:—(%.321};)1/2] (32)

The nonoverlapping approximation is obtained from equation 30 when the exponent is small
and is therefore given by the first two terms of the expansion, or

A=Byy/0+ 2! (33)

2.2.4.3, Strong-Line, Weak-Line, and Nenoverlapping Approximations, The three approx-

imations to the two slalistical models will be discussed concurrently because they are so

22
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closely related. First, we shall censider the weak-line approximation. Recall forthis case
that absorption was given by A = % - exp (-8, which is exactly the expression obtained for

the weak-line approximation to the Elsasser band model. The same expression results when
an exponential distribution of line intensities is assumed with  replaced by v,bo. This confirms
our earlier statemcnt tha' under weak-line absorption, absorption is independent of the arrange-
ment of the spectral lines within the band. Absorption versus fy is plotted for equation 22 in
figure 7. The solid curves give the abrorption for the statistical model for the case in which
all lines are equally intense. The dashad curves give the absorption for the statistical model
with an exponential distribution of line strengths. The uppermost solid and dashed curves rep-
resent the weak-line approximations for those intensity distributions. The regions of validity
are given in table 1. For the case in which all lines are equaliy intense, the weak-line approxi-
mation is always valid within 10% when ¢ < 0.2, It is valid for the exponential intensity dis-
tribution when ¢ < 0.1, If 1% accuracy is required, these values of ¥ should be divided by 10.

The strong-line approximation to the statistical model for all lines of 2qual intensity and
for an exponential distribution of line strengths are given respectively by equations 25 and 32,
The absorption for these models as a function of ﬁzw is shown in figure 8. The strong-line
approximati~= ig the uppermost curve in the figure. The absorption can even become greater
than the limiting values given by this curve, It is evident thatl the distribution of line inten-
sities in a band only slightly influences the shape of the absorption curve. As fur the strong-
line approximation to the Elsasser model, the strong-line approximation to the statistical
model for eithes distribution of line strengths is always valid when 5 = 1and 0.1 A =1, The

complete regions of validiiy are given in table 1.

The last approximation to be discussed for the statistical model is the nonoverlapping
approximation. For all lines of equai intensity the absorptiun is given by the expression used

for the nonoverlapping approximation to the Elsasser model, namely,
= we VI
A = Bye VT W) + 1,{0)]

For an exponential distribution of iine strengths the absorption is given by equation 33. There-
fore, the intensity distribution, but not the regular e rundom spacing of the spectral lines, in-
fluences the absorption curve in this approximation. In figure 9, A/8 is plotted as a function of
v for the statistical model Note that if this figure is compared with the corresponding one for
the Elsasser model the nonoveriapping approximation to the Elsasser model has a consider-
ably larger region of validity. This is hecanse the spectral lines begin to overlap at consider
ably larger path lengths for the Elsasser model than for the statistical model (cf. table 1),
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The absorption for a model :n which the spec-
tral lines are all of equal intensity is compared
with that for a model in which the spectral lines
have an exponential intensi‘y-distribution func-
tion. The weak-line approximation is the upper-

most curve.
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TICAL MODREL. The absorption for a model in
which the spectrali lines are ail of equai intensity
is compared with that for a model in which the
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Three lmportant approximations to the band models i Elsasser and Goody have been dis-
cussed above. These three approximatlons provide a rellable means for the extrapolatlon of
laboratory ahsorption data to values of the pressure and path length that cannot easily be re-
produced In the laboratory. For example, the absorptton for large values of pressure can be
obtained fromthe strong- and weak-line approximations, depending upon whether W is relatively
large or small, For extrapolation to small values of pressure ali three approximatlons may
be used in their respective regions of validity; however, the nonoverlapping-iine approximation
is valid over the largest range of values of W. For exirapolation to large values of W, either
the strong- or weak-line approximation may be used, bui the former approximatlon is valid
over a much wider range of pressure than the latter. For extrapolation ‘o small values of W,
all three approximations may be used in their respective regionc of validity; however the non-
overlapping-line approximatlon !s valid over a wider range of pressure. In general, atmo-
spheric slant paths that are of interest to the systems engineer contain relativelv In-zc amzunts
of absorber and the range of pressures are such that the strong-iine approximation to any of
the models is applicable. As will be seen in seclion 3, almost all researchers used only the
strong-line approximations to the various band models to develop equations for predicting ab-

sorption over a specifled frequency band.

2.2.5. RANDOM-ELSASSER BAND MODEL. At small values of { the same absorption is
predicted by the statistical and Elsasser models, and is determined by the total strength of all
the absorbing lines. However, as (v increases the results calc ilated from these two models
begin to diverge; the Elsasser theory always gives more absorgtion than does the statistical
model for a given value of Y. The reason for this is that there s always more overlapping of
spectral lines with the statistical model than with the regular arrangement of lines in th:
Elsasser model; thaz, for a given path length and pressure, the total line strength is not used

as effectively for ahsorption in the statistical model.

An actual band has it3 spcetral lines arranged neither completely at randca nor at 1-egular
intervals, The actual pattern is formed by the superposition of many systems of lines. There-
fore, for some gases and some spectral regions the absorption can be represented more accu-
rately by the random Elsasser band model than by either the statistical or Elsasser modal
alone. The random Elsasserband model is a nateral generslization of the original models
which assumes that the absorption can be represented by the random supeiposition of Elsasser
bands. The individual bands may have different llne spacings, half-widths, and intensities. As
the number of superposed Elsasser bands hecomes large, the predicted absurplion approaches
that of the usual statistical medel.
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The absorption for N randomly superposed Elsasser bands with equal intensities, half-
widths, and line spacings is given by

A=1- [1 ; erf(%ﬁzw/Nz)]N

The derivation of this equation and the more general equation for different intensities, half-
widths, and iine spacings is discussed in detail by Plass [10j. The more general resuit is not

presented here since the result given above is the only function which has received application.

2.2.6. QUASI-RANDOM MODEL. The fourth band model that has been developed {13, 18] —

the quasi-random band model-—reportedly presents a more realistic model of the absorption
bands of water vapor and carbon dioxide. It does not require that the lines be uniformly nor
randomly spaced, but can represent any type of spacing which may occur. 1t also accurately
simulates the intensity distribution of the spectral lines including as many of the weaker lines
as actually contribute to the absorption. Furthermore, it provides a means of accurately cal-
culating the effect of wing absorption from spectral lines whose centers are outside the given
frequency iutervai. The quasi-random model allows for more accurate prediction of absorp-
tion than do the other three models but sacrifices simplicity in the process, When this model
is used the general transmissivity function cannot be expressed in terms of elementary func-
tions, Moreover, to determine accurate absorption spectra by this method, a priori knowledge
of the band structure is required, as it is in the rigorous method.

The quasi-random model is characterized by the following features:

(1) The frequency interval Ay for which the transmission is desired is divided into a set
of subintervals of width D. Within the small interval D the lines are assumed to be arranged
at random. The ‘r:nsmission over Ay >> D is then caiculated by averaging the resulis from

the smaller intervals,

(2) The interval Av is divided into subintervals D in an arbitrary manner. The trans-
mission is first calculated for one mesh, which defines a certain set of frequency intervals.
The calculation is repeated for another mesh which is shifted in frequency by /2 relative to
the first set. In principle, the mesh can be shifted n times by an amount D/n, The final cal-

culation is then the average of the results for each of these meshes.
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(3) The transmission for each subinterval D is calculated from expresslons which are
valid for 2 finite and possibly small number of spectral lines In the interval. The expression

15 not used which is valid 1n the limit as the number of lines becomes large.

{4) The spectral lines in each frequency interval are divided into intenslty subgroups
which are flne enough to simulate the actual intensity distribution. In the calculation, the aver-

age intensity of all the lines in each subgroup is used with the actual number of lines.

{5} The contribution from the wings of the spectral lines whose centers are outside a

ziven interval is included. The wing effect is treated in the same detailed manner used for

evaluating tlie contribution from the lines wlthin an Interval,

Let us consider one interval Dk of & yiven mesh. If there are n lines in the interval with
their line centers at the frequencies vi i=1,%2,..., n,_), then the transmission at the fre-
quency ¥ is affected by these n lines so that

r et B exp[-wity, vl ay, (34)
K pk m D
i=1 k

where W is the amount of absorber and k(v, ul) may be expressed as k(v, vi) = Sib(v, vi), b(v, vi)
is called the line- shape factor (Lorentz, Doppler, ete.), and Si is the intensity of the ith line.
The transmission i= ~alzulated at some frequency » which for convenience is usually taken at
the center of the interval Dk‘ Since this transmisslon corresponds to the average of all per-
mutations of the positions of the spectral lines within the interval, it is also assumed to repre-

sent the most probable transmisslon for the interval.

To be completely rigorous the transmission of each spectral line should be calculated from
its intensity and position and then substituted into equation 34, ‘I'nis procedure would require
a computation time analogous to that required for the rigorous method and hence would defeat
the purpose of employlng a band model. Thus, a method is used which sinwlatez the actual

intensity distribution.

The proredure adopted for intensity simulation is to divide the llnes in each frequency
interval into subgroips by intensity decades. When the line intensities are calculated, the re-
sults are grouped according to these intensity decades. The average intensity S_1 of the lines
in each decade is then calculated,

Wyatt, Stull, and Plass [19] havefound that only the first five Intensity decades for each

frequency interval influence the value cf transmission. Thus only the data for the five strongsast
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intenslty decades need be retained for each frequency interval, It should be emphaslzed that the
numerical range of the intensity decades retained is quite different for a frequency Interval
which contains strong lines than {or one which has weak lines. The criterlon la applied sepai -

ately tc each frequency intervai.

Thus, the transmission can be calculated by the following equatlon from the average value

of the intensity S—1 together with the number of lines n in each intensity decade:

5 (1 —§in(u,ui) A\
T, (v)=7r\ﬁ e ewi)ni (35)

koo \ Pk

‘The number of lines n, In the frequency interval is given by

n =Z n, (36)

Equaticn 33 represents the transmission at a frequency v for the Interval D, as affected by ny

k

spectral lines whose centers are within the interval D, . The integral in equation 35 represents

k
the transmission over the finite interval Dk of a single line rupresentative of the average inten-
gity of the decade.

The transmissicn at a frequency v Is also influenced by the wings of the spectral lines
whose centers lie In Intervals outside the interval Dk’ denoted by D1

Ty.. from each of these intervals Di is calculated by assumling a randem distrlbution of the
1

. The wing transmission,

lines within the interval Di' Thus, by the random hypothesls,thetransmission at the frequency
v is the product of ail transmissions calculated for the lines with centers in intervals, outslde
Dk’ taken with the transmission for the Interval Dk' Therefore
o
= 7
W =TT, O (37)
1=1

where the subscript n, indicates that there are n lines in the frequency Interval Di' The trans-
mission for the llnes whose centers are in the interval D1 are given by equation 35. The lines
in distant intervals from the particular frequency 1" have a negligible effect on the transmission,

50 that ln practice the product (eq. 37) usually nceds to be evaluated over only a few terms,

It 1s clear that the quasi-random mode: can reproduce the aclual line structure fairly ac-

curately if the chosen interval Dk is =inall enough. However, the smaller the interval the
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greater the amount of computation required. The tradeoff between the two has not been dis-
cussed by the authors, but such an investigation would indeed be of interest since any particular
application has a tolerable error which might be used to establish the frequency interval and
hence the degree of computation.

2.2,7, KING MODEL. All prevlous models generate expressions which can be used to
calculate absorption averaged over spectral intervals in the order of 5 to 10 wavenumbers.
To calculate total-band absorptiou using any one of thesc models one would necessarily calcu-
late the narrowband absorption at each wavelength throughout an absorption band and then
evaluate the integral IAud::' where Av ls the absorption averaged over some ‘:‘,, which is very
smzall compared to the total band. King [14] sought an expression which would yield the total
band absorption directly by performing the frequency integration prlor to the empirical fittlng
procedure. He {irst assumed the band structure was described by the statistical or Elsasser
models. Since each of these mcdels assumes an Infinite spectrum and absorption bands are

finite, the frequency integration cannct be performed without some modification of the model.

Every absorption band contains many spectral lines of varying intensities. Those near
the center of the band are more intense than those near the wings of the band., This distribution
of line strengths gives rise to a band envelope that King assumed to be approximately exponen-
tial. That is, the lne strengths decrease exponentlally from the band center. From this as-
sumption, King used an exponentlal envelope to modulate the spectral-iine arrays as given by
the atatistical or Elsasser model, Either modulated array was then integrated to yleld an ex-
pression for the total-band absorption.

Recall that the narrowband transmittance as given by the statistical model is

m— SW/d
i [1+ (Sw/na)] /2

where §, d, and @ are all taken within the band element,

In the opague line-center approximation (strong-line approximation}, SW/xa >> 1, There-

fore, the band-clement transmittance becomes

1/
7 - exp [-(nasw/dz) 1= exp [-(2x_W'/2] (36)

where we have defined the harmonic mean absorption coefficient kn by

o
1/3 2
-,%— =\ Taw=| ew [("“Szw) ]dw = %‘-‘a-s- (37)
"oJo 0 -
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Let us assume that these elements are modulated by a band profile whose shape is given
by

k = (kn)max exp (-1 v!/ve) (38)

leading to

dkn/dv= -kn/ve (39)

where Ve ig the band scale-width and is a measure of the steepness of the band profile.

The total band transmittance is the average of the narrowband transmittance over the
fini.> bandwidth av. So

Av/2

1
e |

1/
exp |-{2k W) dv (40)
—Av/2 [ n t]

By changing the dummy variable of integration from v to the harmonic mean-absorption co-
efficiem .‘:l , one can express the transmittance as a Laplace-like transform. Thus

kn
in d
24 m 1/2] v
T = -E?j exp [(-2knW) ]d—k—dkn {41}
k n
"max
Substituting equation 39 into equation 41, we have
k
Ve % min 1/3 dkn
T=Ev exp [(-21(““0 ] ¥
k n
n
max
v
-9l —_ 1/2] 1/
- 2(1.\ v/ 2) {El[(zkminw) E & o™ (42)

where El is the first exponential integral and is given by,

me-tx
E, (x) = —dt
1 t
1
For the strong line approximation, kn << 1 and kn W >> 1. By expanding the exponential
min max
integral, one obtaing an expression for the total-band absorption. Thus
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v n 3
- - e W1 max B
A-l-T..2(Av/2)21n2k +¢r+2ln2kn w
H min
min
and
Adv = A dv= 2veEn W+ In 2kn + 2a] (43)
max

where a = 0.5772156 is the Euler-Mascheroni constant. For the weak-line approximation,

k W<< landk
n n

< 1, and equation 42 can be approximated by
min max

) 1/2
A= 2(A 32)(2kn w)
v max

1/2
Aav= A dv=4v (2]( W) {44)
v e\'n
maz

Expressions 43 and 44 then represent the totai-irand absorption for the strong- and weak-line

and

approximations, respectively, if one agsumes that the ordering of the line array in the band
elements is statistical.

If we aasume that the lines in the tubset are spaced regularly, we have, from the Elsasser
model in the opague line-center approximation,

1/2
7 = erf (ITC.SW,/dz) = erf (qu/Z)l/ g

Using a procedure paraliel to that used in the development of equation 4Z, this equation
leads directly to the following expression for transmittarnce:

k
v "max k Wllzdk
T ert| 32— T
Av/2 X 2 k

I

min

v kn kn W
e min max
= 2(?»/2) Fl( 2 ) - Fl( 2 )
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where an error-function integral is defined by analogy to the exponential integral by

s »)
dt
Fl(x) = jx erf t-t—

The expar:sion of Fl (x) for small argument is given by

/

F () =-8- Inx+ a/m /2 a2,

where 6 = 0.981.

Simiiarly, the strong-iit expression is obtained by analogy with equation 43:
Ajv= 2ve(an+ 1/2 Inkn + 26) {45)
max

The weak fit is obtained using the expansion for Fl(x) and a procedure similar to that used in
equarion 44,

w 1/2

n

Adv = 8y g7V - mE (46)

Four expressions have been derived which express .otal integrated-band absorption under
conditions of strong and weak absorption in terms of three parameters ve, W, and k“max'
These parameters can be determined by empirically fitting the respective functions to labora-
tory homogeneous-path data. Once these parameters are specified these expressions can be
used to predict total-band absorption for other homogeneous paths. It is emphasized that one
should reduce the laboratory data to standard temperature and pressure (STP) before one em-
pirically evaluates the band parameter. The absorber concentration at STP is denoted by w*

n
and is given by w' = W;;(-TI-) , where P = effective broadening pressure and n is a function
o\'o

ul the al.sorbing moiecule. Then the respective equations can be used to caiculate absorpiion
for atmospheric siant paths by first reducing the absorber concentration in the path to an equiv-

aient sea-ievel concentration W*. The procedures for evaluzling W#* are disrussed later,

2.2.8. BAND-MODEL LIMITATIONS. In the preceding paragraphs, five models of the band
structure were discussed, four of which led to the derivation of closed-form expressions which

can be used to calculate absorption spectra. Although the use nf these models greatly reduces

33




WILLOW RUN LABORATORIES

the amount of computation required by the method of summing the contribution of each speectral
line, their use is subject to several limitations:

(1) By their very nature the n:odels are such that they can only simulate the actual line
tntensities and distribution. Since the different absort.rs have different line structures, a
model that mnay be applicable to one gas may be inapplicable to another, Also, tne model may

be reasonably accurate for one spectral interval but very inaccurate for another,

(2) The solutions lose their simplicity when a mixed-iine shape is used rather than the
pur< pressure-broadened Lorentz line shape, Therefore, models are applicable only for a
range of pressure for which the Lorentz shape is valid.

{3) The spectral resclution for most models is limited. For the quasi-random model
this is not the case if the averaging interval is small enough, but under these conditinns the
simplicity of the model is sazrificed.

{4) A band model can be used only to predict absorption for homogeneous naths. There-
fore, atmospheric slant paths must be reduced to equivalent sea-level paths or to equivalent
homogeneous paths, both of which involve the use of the Curtis-Godson approximation. This

approximation is valid only for constant-temperature paths under conditions of streng-line
absorption.

(5} The use cf band models is further limited by the accuracy of the laboratory data upon
which the final solution is based.

These limitations may sound ratt.er severe, but for the range of atmospheric paths for
which the systems engineer wishes to determine =%sorption spectra the restrictions imposed
by the band models are satisfied. It has been shown by Plass [20] that for altitudes below 50
km {a catercry encompassing most paths of interest) under conditions of struong- or weak-line
ahsorption, the a.._.rption can be represented by the Lorentz equation, Aiso, the slant paths
of interest are usually long enough that strong line conditions are present and therefore the
Curtis-Godson approximaiion is usualiy applicable, It is emphasized that before a band-model
mathod 18 used to compute the absorption spectra for an atmospheric slant patk, -* should be
verified that the approximations inherent in the baud-model methods are satisfied. This is

done by, first, approximating the values of 3 and ¥ and then comparing the results with the
information in tabie 1.

2.2.9, TEMPERATURE AND FREQUENCY DEPENDENCE OF BAND-MODEL PARAM-

ETERS. A summary of the band modcls that yield clused-form expressions for spectral-band
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absorption is presented in table 2, All of these expressions are functions of two parameters,
B and ¥, which are functions of temperature, pressure, absorber concentration, and frequency.
Recall that

ana

including the dependence of line half- width on pressure and temperature, Also, the line strength

is a function of temperature and frequency and is given by
3/2

T, By i o O
i% So(’f) 2 [_sz)_( T, )]

where S0 is the line strength at standard temperature and E” is the ground-level energy of a
given spectral line. Because E" varies from line to line, the variation of line strength with
temperature is different for each spectral line. Figure 10 clearly demonstrates this tempera-
ture dependence. As the temperature decreases, the line streigths near the center of the band
increase and the line strengths in the wings of the band decrease; the area under the curve de-
creases slightly. I two homogeneous paths having different temperatures were compared, the
integrated absorption for the lower temperature path would be less than the integrated absorp-
tion for the higher “emperature path. Drayscn et al. [5] have shown that for two identical slant
paths having temperature profiles that differ by a cunstant amount of 10%K the transmission
varies as much as 10% in the wings of the band and somewhat less nearer the center of the
band. They also concluded that the effect of temperature on line half-width has a secondary

effect on transmission.

Since the variation of line strength with temperature is different for each spectral line, it
would be 1mpossible to include the effect of temperature on line strength and still retain the
band-model expressicns in closed form, For this reason, the band-model expressions in their
present form can be used only to predict absorption for homogeneous paths that are at standard

temperature. Further, since Drayson et al, [5] have shown that the effect of temperature on
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Band Model Approximation Equation

1. Single Lorentz line None A= % Zwazp'w[lo(w) + Il(d/)]

2, Single Lorentz line Llnear A =8W/Ay

3. Single Lorentz line Square root A = 2¥SaW/Av

Y
4, Elsasser band None A = sinh .Bf IO(Y) exp (-Y cos hB)dY
0
5. Elsasser band Weak A=1-¢P¥
2..1/2

6. Elsasser band Strong A =erf (1/28%Y)

7. Statistical vand (Poisson) Nane A=1-exp [-ﬁ:po/(l + 2‘[;0)1/2]

8. Statistical band None A=1- exp-{ﬁap eV [T,0e) + Il(w)]}

9. Statistical band (Poisson} Weak A=1- e'Bw

1.2 1/2
10. Statistical band (Foisson Strong A=1- expl-—(iﬁ "[’0) ]
and equal} L 1/2
11. Statistical band {equal) Strong A=1- exp[—(% Bzw) ]
X N
1.2,  2\l/2

12, Random Elsasser band Strong A=1-|1-erf (—z-ﬁ /N ) ]
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FIGURE 10. THE EFFECT OF TEMPERATURE ON THE
DISTRIBUTION OF LINE STRENGTH
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line half-width has a secondary effect on absorption, this dependence is neglected also, There-

fore,if welet T = TO’ the expressions for 8 and Y become

op 0
and
, S s w -
o 21ra0 P~ Znab P

where ab is the half-width at standard temperature, per unit pressure.
The expressions listed in table 2 are of the following general form:

(1) A = A(3, ¥) when no approximation to the model is assumed
2) A= A(BZ, Y} for the strong-line approximation
(3) A = A(3, y) for the weak-line approximation

Substituting equations 47 and 48 into 1, 2, and 3, we have the first expression as a function of
two frequency-dependent parameters, Znab/d and S/Zna;e, and two path parameters, Wand P.
The second expression gives absorption ag a function of one frequency-dependent parameter,
Zmbs/dz and two path parameters, W and P. The last is a function of 5/d and W, being inde-

pendent of pressure.

The next problem in completely specifying the absorption expressions is that of evaluating
the frequency-dependent parameters by empirically fitting the respective equations to labora-
tory homogeneous absorption spectra. The empirical procedure is the most involved whken no
approximations to the model are vssumed since, in this case, two parameters must be evaluated,
rather than only one for both the strong- and weak-line approximations, After the frequency-
dependent parameters have been specified and the values of W and P have been determined for
a given slant path, it becomes a simple matter to generate absorption spectra,

2.3. DETERMINATION OF FREQUENCY-CEPENDENT PARAMETERS BY EMPIRICAL PRO-
CEDURES

The determination of the frequency-dependert parameters is undoubtedly the most critical
aspect of developing a function for use in compul.ing homogeneous-path spectral absorption.
The theory of band models is reasonably well defined a=? the resulting functions should be
capable of specifying spectral absorption to a good approximation if, first, the conditions in-

herent in the band-model development are satisfied, and second, rigorous empirical proce-
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dures are applled to high-quality laboratory homogeneous-path data to specify the absorptlon
conatants.

It has been siated that the first conditional restrictions are satisfied by most atmospherlc
slant paths of interest. Therefore, it seems hopeful that usable trunsmlssivity functions could

be developed if the second procedurai restrictions are satisfled,

Oppel [21] has postulated and employed certain rules for selecting laboratory data and
performing an empirical fit, His approach is sound and is analogous to that suggested by
Plass [22]. Hence, the methods of Opp:l are those which are recommended for the dstermi-

nation of the spectral absorption constants and are stated below.

It has been found by most researchers that the quality and the reduction of the laboratcry
data have constituted the most critical step in determining the absorption constants, In order
to insure satisfactory results from an empirical fitting procedure the foilowing rules should
be observed.

(1) The data should be corsistent from one run to another; that is, all vuns for a particular
spectral irterval should have the same resolution and spectral calibration. The absolute spec-
tral calibration is not nearly as important as the relatlve spectral position from run to run, be-
cause the absorption constants can be determined for relative frequency unlts. Also, the spec-

tru 1 can later be shifted if necessary.

(2} Only data with absorption setween 5% and 95% should be used. Usually the data for
very high or very low absorption values are questionable because of the unceltainty of the 0%
and 100% levels, and relatively small differences may have an inordinateiy grest rffect cn the

determinatlon of the unknown parameters,

(3} It is desirable to have spectra chtained over a range of paths and pressures which is
wide enough that the function can be properly fitted to the data. Ideally, for each frequency,
one would like to have data which would give absorptions between 5% and 95% and which include
the fellowing conditions:

(a} Pressure and absorption path are sufficiently small that there is negligible over-
lapping of the spectral lines.

(b) Pregsure is high and absorption path is small so that there is heavy overlapping

of the spectrai lires.

{c) Pressure is low and absorption path is large so that the spectral lines are opague

at their centers and the transmission is achieved only in the wing# of the lines.
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(4) Measurements for which pressure self-broadening is predominasi, thatl ln. vl o he
abhsorbing-gas pressure is an appreciable part of the total pressvre, should be discarded, This
is necessary since self-broadened spectral lines need not be evaiuated under real atmospheric

conditions.

(5) 1n general, better results are obtained if spectral frequencies are selected at which
absorption achieves a local maximum, minimum, or inflection point. Thus, the absorption
constants should not necessarily be selected at uniform intervals but for spectral positions
that are more easily measured. It has heen frequently observed thal published spectra are
hand plotted and thatl their author will tend to be more exact on the maxima, minima, and inflec-

tion points than he will be on any other part of the curve.

Atmospheric paths that are of greatest interest to the infrared researcher are long paths
through an atmosphere of relatively low pressure. Such paths give rise to iarge values of W
and sinall values of equivalent pressure P. The dominant spectral lines, those which account
for 95'% of the absorption, are opaque at their centers but do not display a significant amount
of overlapping. Therefore, for such paths 8 is small {8 < 1)} and ¥ is large {§ >> 1) and the
strong-line conditions are valid. It has been stated that strong-iine abserption must be present
for an atmospheric path to be reduced to an «gquivalent homogeneous path. For these reasons
most researchers assume that absorption is represented by the strong-line approximation,

A= A(ﬁzw), and enpirically fit this function to laboratory dats. When such a procedure is
used, if the data used do not satisfy sirong-line absorption conditions erroneous constants will

be determined.

After selecting the laboratory homogeneous-path spectra according to the above rules and
the appropriate model for representing absorption for a given ahsorption band, one has the
proper foundation for performirg an empirical fit which will yield a valid closed-form expres-

sion for predicting absorption for other homogeneous paths.

Basically, the absorption coefficients are determined by minimizing the sums of the
squares of the errors between measured and calculated values of absorption, Before the least-
squares iteration can begin, an initial estimate of the two parameters 271’06/(! and S/erab must
be made, The method of deter mination and the accuracy of these initial parameters does not
affect the final accuracy except that poorly chnsen estimates will considerably increase the
iteration time, Th2 method suggested is based on the fact that the three approximations to the
Elsasser integral, described in section 2 always show greater absorption than that given by
the complete Elsasser integral and approach the complete expression in the 1imit. This method

can be described as follows:
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(1) Three master graphs are drawn on log-log paper, The first graph (fig. 11}, is a plot
of Beers' law, given by

A=1-exp (-By); By =

aloa
| €

The s..cond master graph (fig. 12) gives the strong-line approximation to the Elsasser integral:

I 1/2 27a'8
A= erf L(%azw) };ﬁzw 2 wp
d

The third master graph {fig. 13) glves the ncnoverlapping-iine approximation:
A= BY[I) + L )] exp (-v)

2na’
0, . 8
A=—3 P’V'znab

{2) Three working graphs are plotted fur each spectral frequency for which absorption

ol 3

constants are to be determined.

{a) In the first working graph {fig. 14) fractional absorption A is plotted as a function
of the absorption path W {atm cm).

{b) The second graph (fig. 15) gives fractional absorption versus al-aorption path

times effective broadening pressure WI"E {atm ¢m X mm Hg).

{c) The third working graph (fig. 16) is a plot of the ratio of fractional absorption to
effective broadening pressure, A/P (mm Hg'l) versus absorption path/effective broadening

pressure W/P (atm cm/mm Hg).

(3) The six graphs are now paired off in the following order: figure 11 is superposed
over figure 14, figure 12 over figure 15, and figure 13 over figure 16. With a good spread of
data, it now becomes apparent that the several approximations a.e limiting functions and all
points on the graphs will fall below the limiting curve. Figure 11 1s adjusted in the W direction
until a1l plotted points of figure 14 fall below and to the right of the curve drawn on figure 11,
Thus, the curve of figure 11 forms the limiting continuum for the points of figure 14, The rela-

tive positions yield the approximate vaiue
{8/d) = (BY/W)

Similarly, figure 12 is superposed over figure 15 and adjusted along the axis until the

limiting continuum is found, yielding the approximate value
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AW
d2 - (WPe)

The third palr (figs. 13 and 16) can be adjusted in both directlons to give approximations

2nal A/P
oL
( d ) 78]

to two parameters:

and

s\
(2:;:;}) i (W/P)

The three plots indicated above are not all necessary if sufflclent data are available since
only two constants are necessary to evaluate the Elsasser Irtegral; however, experience has
shown that sufficient spread of data is usually not available to adequately construct all of the
graphs. For this reasocn, the best graphs should be chosen. In the event that the nonoverlapplng

approximation gives a good continuum, then it may be used alone for both approximatlons to the

unknown parameters.

At this peint it is assumed that the initia! estimates of the parameters have been made
and the laberatory data have been properly chosen, Beginning with the first estimates, the
ahsorption is calculated for each value of absnrher concentration and each value of equivalent
vressure and compared with the measured value. The parameters are adjusted until the sums

of the squared residuals between computed and nieasured absorption values are mininiized.

A computer program has been written by Baumelster and Marquardt and distributed as a
SHARE program [23]. This program, when coupled with the Elsasser-model alogorithm de-

seribed in section 2, will optimize the parameters for the Elsasser function.

The procedure described above is that which should pe used when fitting the complete
Elsasser integral to laboratory data. It is emphasized that if the strong-line or weak-line
approximation to the Elsasser model ls used to represent atmospheric absorption, then the
laboratory data must be such that these conditions are satisfied. This can be determined by
using the initial estimates of 2nab/d and S/df.-ab and the values of W and P to calculate 3 and

/. These results can then be compared with the values in table 2.

A completely analogous procedure should be used when fitting the Goody model to a set of
laboratory data. That is, all three equations should be fitted to the data to obtain a set of
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frequency-dependent parameters, Darameters obtained in this wmanner will glve valld results

whether the absorption is strong, weak. or of some Intermedlate value.

The method described above for performing @n empirical fit of a band model to laboratory
data is the suggested procedure. However, it has been used by conly two of the many researchers
that have developed functions for calculating atmospheric absorptlon. Of the various methods
that have been employed, some are similar to it and others are very different; in section 3
each of the empirical functions developed by the varlous researchers is presented and the em-

pirical procedures employed by each of these researchers are discussed.

Empirically fitting a band- model expression to homogeiieous data generates coefflcients
that represent the best value for all available data. The absorption constants then do not ac-
tually represent the strengths, widths, and spacings of the spectral lines but ran be interpreted
as a set of lines giving equivalent absorption, It can be expected that caleulatlons should be
satisfactory for conditions bounded by the laboratory data, However, for extreme cases the
results may be rather poor. It isdifficult to theoretically analyze the accuracy with whicha
band model can be used to predict absorptlon, so the approach used here is simply to compare
the results with field measurements. Such compariscns are presented and discussed in gec-

tion 7.

2.4. CONVERSION OF SLANT-PATH TO EQUIVALENT-PATH PARAMETERS

Since the band- model expressions car be applied only to homogeneous paths at standard
temperature, any real atmospheric slant path must be reduced to an equivalent homogeneous
path at standard temperature or an equivalent sea-level path which is a homogeneous path at
standard temperature and pressure, In the discussions that follow, the methods for determin-
ing the equivalent paths are derived for variocus types of ahsorption and the assumptions and

approximations used are discussed.

The absorption spectra foi- any homogeneous path, assuming a constant temperature, is
defined by the absorber concentration W of each gas and the equivalent broadening pressure P
which determines the hali- width of the spectral lines. Therefore, to determire an equivalent
homogenecus path {or an atmospheric slant path, it is necessary to determine a value of W and
P for each absorbing species such that the slant path will absorb exactly as does the homoge-
neous path. Although this cannot be achieved exactly, since the intensities and half- widths are
continually changing from poinl tu puini 2lorg a slant path, under certain conditions the con-

cept of an equivalent path is a reasonable approximation,
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Recall that the general equation for absorption over an atmospheric slant path is given by

X 1l
& 5P
A AV = 1-expl|-= e dx | >dv {49)
5 T 2 2
v-u +a
i=1 0 i
Av L ¢ .
The absorption of a homogeneous path is given by
'
’_1 N Sh% Yh
AhAu= 1-exp -;Z 2 2 dv {50)
=1\~ %0.) *%
wii i .

2.4.1. WEAK-LINE NONOVERLAPPING CONDITION. Let us consider the case where
every spectral line ln the interval Av is a weak absorber and the spectral lines do not overlap
strongly. This will be true in general for short paths at high altitudes, Under these conditions
the pressures are low and the half-widths are narrow. If the absorption ls small at the line
center for each spectral line within the interval Ay, the slant-path absorption may be approxi-
mated by taking the first two terms in the expansion of the exponential, Thus eguation 49 re-
duces to

X

1 N Sla.p
A_Av: 2 —‘—2dx dv (51}

s B
= (" - "o.)z Y
Av 0 1

Further, {or each voi within AV the entire spectral line is within Av, so the order of integration

may be interchanged, giving

1o %
Mgl 3 Zﬁi mdv pdx (52}
i=1 Av Oi) i

Slnce Av encompasses the entire spectral line, the limits may be taken as - to o with no loss

in generality. Now
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sc eqguation 52 becomes

XN
Agav = Zsipdx (53)
0 i=1
ar
ASM:L_,J‘ Sipdx (54)
i=1 0

If it is further assumed that the line strengtis Si are independent of the path, then

N X
Aghv = Zsif pdx (55)
=1 0

If we perform an analogous development for a homogeneous path, we obtain
N_ﬂ N
Ajov= LSipX = Z 8,W, (56)
i=1 i=1

So under conditions of weak-line nonoverlapping abscrption with the line strengths independent
of path, the slant path will absorb approximately the same as a homogeneous path with the ab-

sorber concentration of the homogeneous path given by

X
W = J‘ pdx (57
h Jg

Under these conditions the absorption is independent of pressure and i3 completely specified by
Wh.

2.4,2, STRONG-LINE EQUIVALENT PRESSURE P. Recall that the absorption for con-
ditions other than weak-line absorption is defined by the weak-line absorber concentration W

and the equivalent path pressure P. That is,

A = A(2nay/d. 8/2ray, W, P) (no approximation)
A= A(ﬂnabﬁ /d‘, WP) (strong-line approximation)

A = A(S/d, W) (weak-line approximation)

————,
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To develop an expression for the equivalent pressure for a siant path, let us consider the
cace in which all of the iines within Av are strong-line absorbers. This characteristic imyplies

that absorption is complete to wavenumbers that are in excess of the line half-width, There-

fore, a further increase in path iength simply increases the absorption in the wings of a spec-
tral line ard has no affect on the absorption at the line center. For the Lorentz line shape this

means that (u - voi > aiz for all lines. Using this approximation, we may write equation 48

as
K |
N 3a
_ 1 i“is
ASAU- i-exp ';Z -———-Edr. de (53)
(T
i=1 ( 0
av = 0 L

For a homogeneous path, we have i

r 5 a W_‘
N 51 % "h
rddo|N gy (59)

1
AhAu- 1-exp -;Z - )
i=1 0i

Ay

If it is assumea as hefore that Si does not vary along the slant path, then the slant path will

absorb approximately as a homogeneous path with

X
o Wh = J aipsdx {60}
i 0
Recall that
. i
Ph (TO) ,
a =a, =\ {61) |
hi Oh1 P0 Th !
Also,
Ps 'To)n
a =0, == (62)
10 F o(Ts

As was mentioned previously. the value of pressure used in equation 62 should be the effective
broadening pressure. However, the partial pressure of any absorbing gas is very small com-
pared to atmospheric pressure, so the error involved in assuming Ps to be total atmospheric

pressure is assumed to be negligibie. Substituting these expressions into equation 60, we obtain
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n X n

P /T [ P_/T
h{ o (o
" (T ) Ty P (T)psdx ©3
o\'/ S Fo

Substituting in the slant-path integral expression for Wh, we have

P,/ T\
2L — =

The assumptions imposed thus far have been strorg-line absorption and line strength independ-
ent of path, If we further assume that the path is isothermal and equal to Th’ which in effect
conpletely neglects the effect of temperature on half-width, then the pressure of the homoge-

neous path, such that the homogeneous and slant paths absorb the same, is given by

A (65)

Equation 65 is then the expression for obtaining the equivalent path prcssure. This pressure
will be denoted by P. This concept was first considered by Curtis and Godson [24, 25] and is

therefore referred to as the ‘Curtis-Godson approximation.

The equivalent-path parameters are given by equations 57 and 65, Equation 57 is valid
under any conditions of absorption, assuniing only that the line strengths are independent of
path. Equation 65 is valid only for those conditions of strong-line absorption in which the effect

of temperature on the spectral-line half- width and line strength are neglected.

2.4.3. EQUIVALENT SEA-LEVEL ABSORBER CONCENTRATION W*. Some authors have
empirically determined their frequency-dependent parameters from laboratory data that are at
standard pressure as well as standard temperaturc. Therefore, their methods can only be usad
to predict absorption for other homogeneous paths that are at standard cenditicns. To apply
such methods to atmospheric slant paths, the paths would have to be reduced to equivalent ho-
mogeneous paths at STP. Such paths have heen defined as equivalent sea-level paths and are

denoted by w*.
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Returning to equation 60, a slant path will absorb approatmarzly as a homogeneous path with

X
ahiwh = Io a.podx (66)

As was stated previously, this expressior is valid only for strong-line absorption with Si inde-
pendent of path.

For this case the homogeneous path is at STP so @, =@y and equation G6 becomes
i i

and. finally, the equivalent sea-level absorber concentration is given by

X n

Ps(To
Whe W, = F(’r_') Pgdx (67)
o O\'s

It is useful to note that under conditions of strong-line absorption (neglecting the effect of tem-
peraturs on half-width and line strength) the equivalent sea-level concentration is equal to the

product of the weak-line nonoverlapping absorper concentration and the equivalent-path pressure
normalized to standard pressure. Or

w=w (68)

0ol

2.4.4., GENERAL COMMENTS OX W, P, AND W*. Three expressions have been derived
which will be used throughout the remainder of the report. First is the weak-1lne nonoverlapping
absorber concentration W, which is simply the grams of absorber in the slant path. Second is
the Curtis-Godson equivalent pressure P. The concept of an equivalent slant-path pressure is
valid only under conditions of strong-line absorption and isothermal slant paths. Also, this con-
cept requires that the effect of temperature on half-width be neglected, The last quantity which
was derived is the "equivalent sea-level path,” W*, This equivalent concentration is effectively
the grams of absorber in the slant path adjusted in accordance with the dependence of half-width

on temperature and pressure. This concept is valid only under conditions of strong-line absorp-
tion and for isothermal slant paths.
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To develop closed-form band-model expressions for abhsorption it was necessary to neglect
the e:fect of temperature on line su-eagth and line half-width, Such approximations were also
required to determine the equivalent-path parameters, Although this assumption does, of course,
introduce errors in the final result, Drayson has shown that suck errors are not large. Also,
there is an added fact which further reduces the error introduced hy this assumption. Consider
the iniegrated absorption for an entire spectral band. It has been stated previously that as the
temperature decreased the integrated absorption decreases. However, the line half-widths be-
come larger for smaller temperatures and thus give rise to increased absorption. Therefore,

rather than being additive the errors terd .0 cancel each other.

The integral expressions for Wand W* given by equations 57 and 67 yield, respectively,
the grams per square centinleter and effective grams per sjuare centimeter for a slant path.
The accepted practice is to normalize these quantities by dividing by the density of the absorbing
g N20, CO, and CH4. W and
W* will have units of centimeters since for each of these gases pSTP is expressed in grams

gas at standard temperature and pressure. For the gases C02, 0

per cubic centimeter. Actually, W represents the length of a column of pure gas (i i::m2 in
cross section) at STP which containg the same number of grams as the slant path. For wW* the
length is adjusted in accordance +with the variation of half-width with pressure and temperature,
Secording to this definition, the units of W and W* are commonly referred to as atmospheric

contimeoters,

The units of W and W* are defined somewhat differently for water vapor. For a given slant
path the amount of water vapor is reduced to an equivalent amount of liquid water at STP or
precipitabic centimeters of water. The normalizing factor is, therefore, the density of liquid
water rather than water vapor. There is no justificaiion for using different units for the two

cases; it has simply been the accepied practice since transmission work began,

2.4,5. A GENERALIZED CALCULATION OF W, P AND W*, To clarify the exact technique
for evaluating W, W‘, and P for each absorbing species for a slant path, consider a path that
beging at the earth's sw'face and extends outward to the limits of the atmosphere, A= a result
ot the refracting characteristics of the atmospherez, the line of sight will be slightly curved
rather than straight, and the amount of curvature will increase as the path becomes more he -
zontal. The first step in determining the reduced optical path is to determine the actual refrac-
tive path through the atmosphere. A computer program has been written in FORTRAN which

performs this computation. The analytical procedures and computer piugram are discussed in
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detail in arpendix I, After (he refracted paih is determined, the values of pressuze and tem-
perature and the mixing ratio of each absorbing species can be expressed as functions of dia-
tance along the path, These arc represented by P(x), T{(x), and M(x), respectively. For the
computation of W we have from eguatin 67:

X n
T M_. P{x)
W= : Py MX gﬁw(’:-"(gﬁ) RGO (69)
( gas 0 0 '
RT 0
0
where Po = gurface pressire
‘I‘0 = surface temperature
Mgas = molecular weight of absorbin: gas
Mair = molecular weight of air

R = gas constant
M(x) = mixing ratio in grams of gas pcr gram of air
X = path length in centimeters

Since the mixing ratio for gases is usually gi1ien in moles of gas per mole of air, the mixing
ratio must be converted to grams of gas per pr: of air by multipiying by the ratio of their
molecular weights. The equation for determixing W' for a slant path becomes

n+l
. T0 \

X o
0

where M(x) is the mixing ratio in moles cf gas per iole of air.

The equation for computing the equivalent slant-path precipitable centimeters of water
differs slightly {rom equation 70 since the mixing ratio for water is given in grams of H20 per
kilogram of aic, und the density of H20 at STP is used as the normalizing factor. For this case

it is easily shown that the precipitable centimeters of Hzo iy the slant path are given by

28 2,7 \"1
W* = 1,225 x 10°° M(x)(—PIE—:;l) ('r_(%) dx (71)
0

where M(x) is the mixing ratio in g/kg.

In summary, equation 70 is used to compute atmospheric centimeters for gases for which

the ixing ratio is given in moles of gas per moles of air. Equation 71 is used to compute
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rrecipitable centimeters of water vroor if the :nixing ratio is given in grams of Hzo per kilo-
gra:mn of air. To compute the respective values of W, simply let the exponents of the pressure
and temperature terms in equations 70 and 7 be :1iy. To determine P for a slant path, first
compute the appropriate value of W*, letting n = i, Naxt, compute the value of W as stated
above. Then P wili be given by

n= OPG

W'
Tw -

P=
In conjunction with the refractive-path computer program, programs for computing W' w,

and P have been writien in FORTRAN far the IBM 7080. These programs are also included -
and discussed in appendix 1.

The use of a computer program o evaluate the quantities W, W*, and P for cach absorbing
gas for an atmospheric slant path is a rigorous yet practiral method for determining the equiva-
leat-path parameters, Many researchers [26-28] have proposed methods for evaluating equa-
tions 70 and 71 without the aid of a computer by approximating the mixing ratio, pressure, and
.temperature profiles with anaiyticai functions and thus allow the integrals to be cvaluated by
direct interpretation. Such methods yield adequate results for a fixed set of atmospherlc con-
ditions, but are not capable of handling variabie meteorological conditions. Thi= can be a rather
severe hmitation in the case of water vapor and oczone. Therefore, it is recommended that these

methods not be us~d unless only first-order approximations to the path parameters are required.

The computer program is simple to apply and performs an exact numerical integration.
Therefore, it is felt that there is no need to infroduce approximations to a problem that already
has a relatively slmple solution,

2.5. SUMMARY

In this section four basic methods for computing atmospheric-slant-path molecular ab-
scrption have been discussed. The [irst involved a direct-pressure integration over the slant
path, summing the contribution of each spectral line, including the effect of temperature and
pressure on line strength and half-width. This method requires complete a priori knowiedge of
the band parameters, including line strength, iine half-width, and line locatlon. The absorption

spectra are computed by direct integration of the general transmissivity function,

The second methed employed the use of the quasi-random model of the band structure.

This model simulates the band structure in a prescribed way such that the absorption spectra
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for any homogenecus path may be determined. This method requires some a priori knowledge
of the band parameters (as does the rigorous method), but once the absorption spectra are de-
termined for one homogeneous path, a set of coefficients is generated so that the summing pro-
redure need not be repeated to determine the absorption for a different homogeneous path.
Homogeneous labouratory spectra are not a prerequisite for the use of this method but are usu-

«:1; cuiployed to normalize the absorption coefficients.

ihe third method ar-:med models of the band structure which allowed for the derivation
of clnsed-iorm analytical expressions that could be used in conjunction with laiwratory homo-
gepeous-path data t> predict spectral absorption for other homogeneous paths. The models

assumed were the Elsasser, statistical. and random.-Flsasser models,

The fourth method assumed models of the band structure and then modulated these line
arrays with an exponeutial envelope, The resulting band model was integrated directly to ob-
tain expressions for the total integrated band absorption, Avd v, These expressions, in conjunc-
tion with laboratory homogeneous-path data, could then be used to predict integrated-band ab-
sorption values for atmospheric slant paths,

In order to use the closed-form expressions derived by methods three and four to predict
absorption for slant paths, the slant paths need first be reduced to equivalent homogeneous
paths. Some of the expressions require that the equivulent path need only be homogeneous and
express absorption in terms of W and P. Others require that the path be reduced to standard
conditions and therefore express the absorption in terms of W*,

The reason for developing methods for computing absorption based on band models was to
generate a method that required a minimal amount of corputation yet would give results that
were at least a first-order approximation to the true results. Later in the report absorption
spectra as computed by the various methods are compared beth with one another and with field

measurements; the results of these comparisons are analyzed and discussed.
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3
METHODS FOR COMPUTING MOLECULAR ABSORPTION SPECTRA

BASED UPON BAND MODELS

3.1. INTRODUCT{ON

fn section 2, the general theory for computing atmospheric slant-path molecular absorption
was formulated. The most useful results developed from the theory were the ciosed-form band-
model functions. These functions express absorption as a function of one or two frequency-
dependent par:meters which are determined by empirically fittine the band-model expressions
to homogeneous-path laboratory data. Because many researchers have made such empirical
fits, no two methods for computing absorption are exactly the same., This inconsis 2ncy results
from the fact that different researchers solected dlfferent band models {or dliferent forms of
the same model), had different zoliections of iaboratory data, and employed differing procedures
to achieve the desired emparical fit.

fn this section those methods which are considered most representative of the state of the
art are represented. Each method wiil be discussed separaieiy, ana tie band models, laboratory

datn, and empirica! procedures used by each author will be staved.

3.2, METHOD OF W. M. ELSASSER
Elsasser [9] developed transmissivity functions for the absorj4ion bends of carbon dioxide,
ozone, and water vapor using a method which ‘s a simple extension of the band-model procedures

discussed in section 2.2.
“he strong-line approximation to the Eisasser and Goody models can be expressed as
7 = 7{k(A}-W*)

where k{r) 1s defined as a generalized absorption coefficient and the functional form of 7 is given
by either the Elsasser or the Goody model. The empirical procedure cutiined in section 2.3

was lo assume the appropriate form for 7, which depended upon the absorbing gas under consid-
eration. The laboratory homogenecus-path data were used to evaluate the frequency-dependent
parameter or parameters for each wavelength throughout the band. Elsasser did not assuine
that the functional form of 7 was given by either modei, but used the iaboratory data to define
both the functional form of T and the absorption coefficient k{A). The procedure he used i= de-
scribed here:
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The homogeneous-path laboratory data were reduced to equivaient W* vulues using the

expression

e y1/2
wh = w0
hPu 1

The absorption band was then divided into subintervals approximatelv 10 wavenumbers wide and
for each subintervai the mean transmission for the interval was plotted as a functlon of W*.
Elsasser found that each of the curves obtained for the various intervals had approximately the
same functional form. Therefore, a standard transmisslvity curve (the functionai form of 7}
was adopted which expressed the transmission as a function of the product W*.k{x). Therefore,
Elsasser proceeded ... i1 inerent assumption that an absorption band may be represented by
a strong-line band-modei expression, but determined the functional form of this expression em-
piricaiiy rather than analytically. The empirically derived transmissivity function undergoes

a shift along the W* scale as one passes from one intervai in the spectrum to an adjacent inter-
val. Eisasser plotted this shiit as a function of wavelength and fitted a curve to the data using

a least-squares procedure. This curve defines the generaiized absorptlon coefticient, k{x).

Eisasser's results are presented in the form of tables which represent the two functions,
7(k{*)) and k(A). Since the ccncept of strong-ine absorption was utilized in the development of
these functions, the method shouid be applied only to slant patns for which this zondition is
satisfied.

3.2,1. TRANSMISSIVITY FUNCTION: CARBON DfOXIDE. Eisasser developed transmis-
sivity functions for only the 13- absorption band of C02. The laboratory data upon which the
empirical procedures were based were taken from the work of Cloud {28]. Elsasser iater con-
sidered the wort of Howard, Burch, and Wiliiams [30], Kaplan and Eggers [31], and Yamamoto
and Sasamori {32] and proposed modifications to the original transmissivitv functions to cbtain

functions that are in agreement with ali three sets of laboratory data.

The transmissivity function obtained is shown in figure 17, and the generalized absorption
coefficient derived from the shift in the 7 curves is shown in figure '8. For convenlence in
determining aimospheric-transmission values, both the transmissivity curve and the generalized

absorption coefficient curve are tabulated. Tie vesults are given in tabie 3.

Using the transmissivity curve shown in figure 17 and the absorption crefflcient shown in
figare 18, Elsasser reconstructed the absorption-band contours for various vaiues of W* which
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TABLE 3. TRANSMISSIVITY F UNCTION AND ABSORPTION
COEFFICIENTS FOR CARBON DIOXIDE

A v k T(k-W*) kw
(1) {em-T) (%)

11.717 850 1.59 E-7 100.00 6.31 E-6

11.95 827.5 5.01 E-7 99,97 7.94 E-g

12,13 825 3.16 E-6 99.91 1.00 E-5

12.35 810 1.48 E-5 99.82 1.26 E-5

12.50 806 4.07 E-5 59.70 1.59 E-5

12.68 790 1.17 E-4 99.55 1.99 E-5

12.82 780 3.02 E-4 99.37 2.51 E-5

12.99 770 8.32 E-4 99.16 3.16 E-5

13.16 760 2.14 E-3 98,92 3.98 E-5

13.33 750 5.37 E-3 98.65 5.01 E-5

13.51 740 1.32 E-2 98.35 6.31 E-5

13.70 730 3.16 E-2 98.02 7.94 E-5

13.89 720 8.32 E-2 917.66 1.00 E-4

14.08 710 1.91 E-1 97,27 1.26 E-4

14.29 700 4,57 E-1 96.85 1.59 E-4

14.49 690 1.00 96.39 1.99 E-4

14.71 680 2,09 95.90 2,51 E-4

14.93 670 2.69 95.38 3.16 E-4

15.15 660 2.40 94.82 3.98 E-4

15.38 650 1.45 94,22 5.01 E-4

15.63 640 6.17 E-1 93.58 6.31 E-4

15.87 630 2.45 E-1 92.90 7.94 E-4

16.13 620 8.91 E-2 92,18 1.00 E-3

16.39 610 3.16 E-2 91.41 1.26 E-3

16.67 600 8.17 E-3 90.59 1.59 E-3

16.95 590 2.24 E-3 89.72 1.99 E-3

17.24 580 5.01 E-4 88,79 2,51 E-3

17.54 570 8.9; E-5 87.80 3.16 E-3

17.86 560 1.07 -5 86.74 3.98 E-3

18.2 550 1.26 .6 B5.61 5.01 E-3

84.40 6.31 E-3

83.10 7.94 E-1

B1.70 1.00 E-2

80.19 1.26 E-2

78.56 1.59 E-2

16.80 1.99 E-2

74.91 2.51 E-2

72.88 3.16 E-2

70.71 3.98 E-2

68.39 5.01 E-2

65.92 6.31 E-2

63.30 7.94 E-2

60.53 1.00 -1

57,62 1.26 E-1

54,58 1.59 E-1
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b
TABLE 3. TRANSMISSIVITY FUNCTION AND ABSORPTION ib
COEFFICIENTS FOR CARBON DIOXIDE (Continued} l,
A v k (k- wW* k.W*
() (em™T) @ ]
51.42 1.89 E-1 f
48.15 2.51 E-1 1
44.78 3.16 E-1 y
41.33 3.98 E-1 g
37.82 5.01 E-1 j
34.28 6.31 -1 l
30.75 7.04 E-1 )
27.27 1.00 l
23.89 1.26
20.66 1.59 J’
17.83 1.99 r
14.84 2.51
12.30 3.16 ]
10.02 3.98
8.01 5.01 )
6.27 f.31 ]
4.80 7.94
3.60 1.00
2.66 1.26
1.96 1.59 ]
1.47 1.99
1.13 2.51
0.89 3.16
0.71 3.98
0.56 5.01
0.42 6.31 {
0.28 7.94 }
0.14 1.00
0.00 1.26

]
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are shown in figure 19. In order to compare the resuits using Cloud's data with the results of
Howard, Yamamoto, and Kaplan and Eggers, Elsasser planimetered the curves shown in

figure 19 to obtain values of the band araa Ior each value of W*, This procedure evaluates the
integral fAdv for each value of W*. The band area as a function of W* was then plotted aud
compared with the results obtained by other authors. The results are shown in figure 20. It

is noted that Elsasser proposed a method of adjusting his absorption coefficients so that the
curve of figure 20 would be in agreement with other existing data. This method involved various
steps. First, a curve (labeled "adopted’) was drawn which most closely approximated the com-
posite set of data given in [igure 20. The diiference between this curve and the curve marked
“trial” along the W* scale was used to relabel the curves of figure 19, For example, for W* =
1, the band area is approximately 85 cm'l. From figure 20, using the “adopted” curve, the
new value of W' is approximately 0.4, After all the curves shown in figure 19 are relabeled,

they may be used in conjunction with the transmissivity curve of figure 17 to find new values
for the absorption coefficients,

Since the method outlined above for modifying the absorption coefficients was not applied
to Elsasser's original data, the data presented in this section are the result of Elsasser's orig-
inal work on Cloud's data. The amount of computation labor required to perform the suggested
modification would be comparable to that required to perforn: the initial empirical fit, and such
a modification appears to be impractical. I is suggested that the present absorption coelficients
be used and the results obtained be adjusied according to figure 20.

3.2.2., TRANSMISSIVITY FUNCTION: OZONE. Because the procedure used to develop the
transmissivity function and absorrtion coefficients for ozone is completely analogous in all de-
tails to the one used for carbon Jioxide, the description in this section will be brief. The trans-
missivity function and absorption coefficients for ozone were first developed from the laboratory
data of Summerfieid [33]. The results of the empirical {it are shown in figures 21 and 22. The
transmissivity curve differs clearly from the corresponding curve for CO2 (fig. 17) not only in
shape but also in that taere is a much larger scatter of the observed points. Using the trans-
missivity curve and the absorption coefficients, Elsasser computed band spectra for various
values of W* {as was done for C02). These curves were planimetered and plotted as W* versus
band area and conipared with the experimental results of Walshaw [34]. The results are shown
in figure 23.

Note that Elsasser's curve is below Walshaw's curve for every value of band area. Elsasser

proposed that this a result of the nature of the pressure correction used in reducing the laboratory
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n
P /T
data. Recall that W* = wh Pe _Tg) .Where Pe is the effective broadening pressure, Elsazser
assumed a linear pressure correction for CO2 and 03 when reduclng the W values to equivalent

W* values. He felt that this assumption was valid for COZ’ although it gave poor resuits for 03.
Elsasser further suggested that had he used a pressure correction ot approximately 0.8, his
original data would have been in close agreement with Walshaw's data. However, since he did
not make any corrections to his original data, it is recommended that these original data be
used for transmission calculations; tiie user should remember, howcver, that the final values

will overpredict absorption by approximately 10%.

As for 002, the transmissivity function and the generalized absorption coefficients for 03

are tabulated. The results are given in table 4.

3.2.3. TRANSMISSIVITY FUNCTION: WATER VAPOR. Elsasser considered only the far-
infrared spectrum ol HZO; that is, he considered the 6.3-x vibration-rotation band and the pure-
ly rotational band at tiic long-wave end of the spectrum. The transmissivity curves developed
by Howard et al. [20] were used [or both the 6.3-u hand and the rotational water band. Their
two curves, reprosenting a total pressure of 740 mm Hg and 125 mm Hg are plotted in [igure 24,
together with the curves derived by Yamamoto [35] and Daw [36]. All curves were shifted along
the abscissa so they would coincide at the point of 50% absorption, Elsasser adupted the curve
of Howard et al. which corresponds to a pressurc of 125 mm Hg. This is the pressure to ~hich
the laboratory data were reduced before the empiricai fit was made. It seems that the curve
for 740 mm Hg would be more realistic for absorption calculations since that is the pressure
for which the "equivalent sea-level path" is defined. However, since Elsasser deslred the
greatest accuracy jor high-altitude slant paths, he chose 125 mm Hg. The differences between
any two of the curves is small enough that the selection of any one of the transmisslvity curves

would not preduce an appreciable difference in the final absorption calculation.

Elsasser adopted a curve [or the generalized absorption coefflcient for the 6.3-y band using
a trial-and-error procedure based on the work of Daw [36], Yamamoto [35], and Howaxd [30].
Daw and Yamamoto separately constructed curves of the generaiized absorption coefficient fosx
the 6.3-u band; their results are shown in figure 25. A plot of band area versus W* for
Howard's data i£ shown in figure 26. Elsasser assumed that the shape of Daw's curve was cor-
rect but that the curve was high; he shifted Daw's curve (the tcp of which is sketched in fig. 25)
down.card by an amount which would produce a satisfactory fit to the band areas shown in

tigure 26, The [inal curves for the generalized absorption coeificient are shown in figure 27.
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TABLE 4. TRANSMISSIVITY FUNCTION AND ABSORPTION
COEFFICIENTS FOR OZONE

A v k 7k W*) kw'
(W) (em™ (%)

8.85 1130 3.16 E-3 100.0 5.01 E-5
8.93 1120 5.01 E-2 89.2 8.31 E-5
9.01 1110 1.00 E-1 98.4 7.94 E-5
9.09 1100 8.31 E-2 97.8 1.00 E-4
9.17 1090 5.01 E-2 8.8 1.28 E-4
9.26 1080 5.62 E-2 98.0 1.59 E-4
9.35 1070 2.00 E-1 95.2 1.99 E-4
9.43 1060 2.24 94.4 2.51 E-4
9.51 1052 3.18 93.6 3.16 E-4
9.57 1045 7.94 E-1 92.7 3.98 E-4
9.84 1037 3.18 91.7 5.01 E-4
9.71 1030 2.00 90.4 8.31 E-4
9.80 1020 1.59 89.4 7.94 E-4
9.90 1010 8.91 E-1 88.1 1.00 E-3
10.00 1000 3.98 E-1 86.6 1.26 E-3
10.10 990 1.59 E-1 84.9 1.59 E-3
10.20 980 3.98 E-2 83.0 1.99 E-3
10.31 970 6.31 E-3 80.9 2.51 E-3
10.42 960 6.31 E-4 78.8 3.18 E-3
10.47 955 5.01 E-5 76.1 3.98 E-3
3.4 5.01 E-3
12.00 70.5 6.31 E-3
12.20 820 6.31 E-5 67.3 7.94 E-3
12.50 800 3.98 E-4 63.8 1.00 E-2
12.82 780 1.59 E-3 60.0 1.28 E-2
13.16 760 3.98 E-3 55.9 1.59 E-2
13.51 740 7.94 E-2 51.5 1.99 E-2
13.79 725 1.00 E-2 46.8 2.51 E-2
14.08 710 5.01 E-3 41.8 3.16 E-2
14.49 690 7.94 E-3 36.6 3.98 E-2
14.93 670 5.01 E-3 31.2 5.01 E-2
15.38 850 1.99 E-3 25.7 6.31 E-2
15.87 630 5.01 E-4 20.2 7.94 E-2
16.39 610 2.51 E-5 15.1 1.00 E-1
10.8 1.26 E-1
7.4 1.59 E-1
4.8 1.99 E-1
2.9 2.51 E-1
1.5 3.16 E-1
0.5 3.98 E-1
0.0 5.01 E-2
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FIGURE 26, COMPUTED AND MEASURED BAND AREAS FOR 6.3-u WATER VAPOR BAND.
Numbers indicate approximate pressure in centimeters of mercury. Where there {8 no number,
Pz 3 cm Hg.
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As for COz and 03, band areas for a series of reduced optical paths were calculated and plotted.
Thne results are represented by the "computed curve' shown in figure 26, Elsasser obtained
the heavy curve by making a best fit to Howard's data [30], disregarding the values for P 2 30

mm Hg. Note that the two curves compare closely for band areas greater than 200 cm-l. This

value of band area corresponds to values at absorption less than 20%. For absorption values
less than 20% Elsasser's data will yield values of absorption that are Iower than Howard's by !
approximately 10%.

For the rotational band Elsasser used the same transmissivity curve as for the 6.3-p band
and used Yamamoto's absorption coefficients [35] for the rotational band. The resuits are shown
in figure 28, Yamamoto determined these coefficients by summing the contributions from all
of the spectral lines. The line intensities were computed only from the measurements of the
electrostatic dipole movement of the water molecul¢. Yamamoto's results are compared with
the experimental resuits of Palmer [37] and Bell [38] in figure 29. Elsasser considered the

comparison sufficiently close tc justify the use of Yamamoto's data without modification.

The region between the two bands is known as the window, absorption there is weak. It is
known that there are a number of weak lines within this interval and also that a certain amount
of the total absorption is caused hy the wings of the very strong lines concentrated at the peak
of the rotational band and the 6.3~ band. Recall that the absorption coefficient for the Lorentz
line shape is given by

Sla,l

2
:ru-voi *a

k() =

We see that at large distances from the line centers the term a?

neglected compared to|v - Yo 2. The net effect of the wings of all the distant lines is then a
{ !
continuous absorption with !

Sa
_?' il
S "‘niv-v iz
i 0.l

where the summation extends over all distant lines. This quantity for the window has been de-

in the denominator may be

termined by Roach and Goody [39] from atmospheric observations and the results of their work
used by Elsasser. To determine the total absorptiou for the window region Elsasser proposes

the following technigue. As seen in figure 29, the extrapolated generalized ahsnrption coefficients

69




WILLOW RUN LABORATORIES

& 1 | 1 1
1000 800 600 400 200 0

WAVENUMBER (cm™ 1)

FIGURE 28. GENERALIZED ABSORPTION
COEFFICIENT FOR ROTATIONAL WATER
VAPOR BAND

70

s %,

e

Ty




WILLOW RUN LABORATORIES

Palmer [37]
Vari: Wle P
I Bell [38]
P=T6 ¢cm
1 et —
(Shifted
| for Inspection of
y=Curves at 0.50)
Yamamoto

[35] |

Continuum

LOG10 k

6.3-u
» Baod \/ Holational Band

-5

1200 1000 800 600 400 200 O
WAVENUMBER (cm'l)

FIGURE 29. GENERALIZED ABSORPTION

COEFFICIENT OF ROTATIONAL WATER
VAPOR BAND AND WINDOW

71

D e i SR




WILLOW RUN LABORATORIES

for the two main bands are shown together with the absorption coefficients of the continuum,

1 to 1220 cm'1 the absovption is first computed from the

For the spectral region from 660 cm~
extrapolated values and then by the values given by the continuum, The total absorption through-

out the region is then given by

Ttt:)tal = Tcont.inuum.-rband

An equation such as the one above is rigorously correct if two continuous transmission spectra
are superimposed. Therefore, Elsasser assumed it should be a reasonable approximation if

one of the components were a continuum.

As for the previous gases, the transmissivity functlon and the absoration coefficients are
tabulated and the results are given in table 5. Note that for the spectral region from 8.33 to

14,7 u the two absorption coefficients and k ,» respectively, are tabuiated.
and

continuum
3.3. METHOD OF T. L. ALTSHULER

The method Altshuler developed for computing slant-path absorptlon [26] is extremely
compact and simple to use. The absorption functlons and the generalized absorption coeificients
are presented in the form of curves which allow for fast computation of spectral absorption for
0, CO,, 0., and N_O. Altshuler's method is

2 2’ 73 2
basically applicable to oaly those paths which give rise to strong-line absorption. However, he

four different atmospheric gases, namely H

also proposed a method for computing absorption for weak-line nonoverlapping conditions,

which is based upon the strong-line absorption functions.

The laboratory data used In performing the empirical fits and the method of empirical fit
will be discussed for each of the absorbing species and the exact procedure to be followed when
computing transmission will be outlined. Table 6 is a {isting of the laboratory data and the val-
ues of the many parameters used in chtaining the empirical fits for each gas.

3.3.1, TRANSMISSIVITY FUNCTION: WATER VAPOR. The strong-line approximation to
the statistical model with an exponential distribution of line strengths was used as the transmis-

sivity function for H20. This function, expressed in terms of W*, s given by

mOSW“ 1/2
A=1-exp : (72)

d2

Note in table 6 this equation was fitted to the data of Howard, Burch, and Williams [30] for
the wavelength region from 1.0 to 9.1 g, the data of Yates and Taylor [42) for thc wavelength

72
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TABLE 5. TRANSMISSIVITY FUNCTION AND ABSORPTION COEFFICIENTS
FOR WATER VAPOR

apm = kBand Kk Continuum  rleW') _kW*
@ (eml) ®)
4,39 2280  3.89 E-5 10000  1.99 E-4
446 2240  2.04 E-4 99.90  2.51 E-4
455 2200  9.33 E-4 99.67  3.16 E-4
4.62 2160  3.80E-3 99.32  3.98 E-4
272 2120 1.32 E-2 98,37  5.01 E-4
4.81 2080  3.98E-2 98,33  8.31 E-4
490 2040 1,10 E-1 9772  7.94 E-4
5.00 2000  2.57E-1 97.05  1.00 E-3
510 1960  6.17 E-1 96.33 1 26E-3
521 1920  1.38 95.58 1,59 E-3
592 1880  3.16 9475  1.99E-3
543 1840  8.13 93.89  2.51 E-3
5.56 1800  2.40E1 92.98  3.16 E-3
568 1760 T.24E1 92.00  3.98 E-3
5.81 1720  1.4BE?2 90.94  5.01 E-3
5.95 1680  1.95E 2 89.78  6.31 E-3
£10 1640  1.20E2 88.51  7.94 E-3
6.25 1600  3.63E1 a7.11 1.0 E-2
6.29 1500  S8.09E1 8556  1.26 E-2
6.41 1560  1.02E2 83.84  1.50 E-2
6.58 1520  2.89E2 .94  1.99 E-2
876 1480  1.12E2 79.84  2.51 E-2
6.04 1440  4.87E1 77.53 3.1 E-2
714 1400 1.8 E1 75.00  3.98 E-2
7.35 1360  7.08 72.25  5.01 E-2
7.58 1320 224 69.28  6.31 E-2
7.81 1280  5.50 E-1 66.10  7.94 E-2
8.06 1240  1.17E-1 62.72  1.00 E-1
8338 1200  2.65 E-2 1.18 E-2 §9.15  1.28E-1
862 1160 851 E-3 9.55 E-3 55.41  1.50 E-1
893 1120  2.40E-3 8.13 E-3 51.52 1.9 E-1
9.26 1080  17.08 -4 7.08 E-3 4750  2.51 E-1
9.62 1040 2,04 E-4 6.76 E-3 43.38  3.16 E-1
10,600 1000  5.80 E-5 6.61 E-3 39.19  3.98E-1
10,42 960  1.78 E-5 6.61 E-3 3497  5.01 E-1
10.87 920  1.58E-5 6.76 E-3 3076  6.81 E-1
11,36 880  6.31 E-5 7.24 E-3 26.61  7.94 E-1
11.90 840  2.57 E-4 7.76 E-3 22.58  1.00
12.50 800  1.00 E-3 8.71 E-3 1874  1.26
13.16 760  3.63 E-2 1,05E-2 1518 1,59
13,89 720 1.20E-2 1.32 E-2 11.98  1.99
14.70 680  8.80 E-2 1.66 E-2 9.20  2.51
15.63 030  1.07 E-1 6.87 3.6l
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TABLE 5. TRANSMISSIVITY FUNCTION AND ABSORPTION COEFFICIENTS
FOR WATER VAPOR (Continued)

A ...i‘i_ k Band k Continuum  7{k-W*) k-W*
()}  (em"1) ®
16.67 600 2.82 E-1 5,00 3.98
17.86 580 7.08 E-1 3.57 5.01
19.23 520 1.70 2,50 8.3
20.83 480 2.99 1.88 7.4
22.72 440 8,91 1,03 1.00 E-1
25.00 400 2.00E1 0.49 1.26 E-1
27.78 360 447E1 0.0 1,58 E-1
31,25 320 S.12E1
35,71 280 1.70E 2
41.6% 240 2.82E 2
50,00 200 4,07E 2
62,50 160 490K 2
83.33 120 4.68E 2
125.00 80 295E2
250,00 40 1.10E 2
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TABLE 6. SUMMARY OF LABORATORY DATA AND PATH PARAMETERS

Gas or
Vapor X v P
€O, 1317  6000-7000 760
1.8-2.1  4600-5400 780
2531 3500-3700 737
2.5-3,1  3500-3700 755
4.0-54  1800-25%0 1,0
4.0-5.4  1800-2500 TM
8.0-11 910-1100 760
8.0-11 810-1100 6080
12-19 550-850 750
12-19 550-850 745
H,0 1.0-1.05  95-10.000
1.05-1.2  8200-8500
1,05-2,2  4600-8500
1.05-2.2  4600-9500
1.2-2.2  4600-8250
2.3-3.65  2800-4400 740
2.3-3.65  2600-4400 740
2.3-3.65  2800-4400 740
3.65-4.5  2200-2800
45-8.1  1100-2200
45-91  1100-2200
45-81  1100-2200 123
9.1-13 1100770
9.1-13 1100770
9.1-13  1100-770
13-16 625-77¢
18-20 500- 625
20-30 333500 606
20-30 333-500 600
20-30 333-500 580
30-40  250-333 603
46-2500 4-750
Gas
0 4.4-51  1960-2270 230
8.0-8.3  1015-1250 160
8.3-102  980-1075
12.0-165  G06-833 160
N,0 3841  2240-2630
4.24-4,36  2290-2360 490
4.4-47  2130-2270
44-47  2150-2270
7.6-8.1  1235-1315 100
8581  1108-1175 240
16.0-18,0  555-625 180

P = total pressure

p = partial gas pressure

P, - equivalent pressure

T = temperaturs

W = actual quantity of gas :n path
w* - equivalent sea-level path

n = exponent for P and T correction

.

50.0
50.0
1.0
10.0
1.0
8.8
608
6080
0.2%
4.0

2.5

230
160

160

400

100
240
160

F.

11
7
738
758
1.3
737
842
7900
750
746

750
740
740
40
821

750

748
T46
136
760
760
760

760
626
808
501
604
180

370
257

257

448
750
758
112
269
179

T

285
295
285
295
285
295
295
295
285
285

285
295
285
285
285
285
285

285
285
295
91
285
288

298
280
280
290
283
28

283
285

285

300
285
285
288
288
288

fatm-cm)

8100
8330
22
1818
18
1043
5600
8000
3
173

{pr cm)

3
50
0.05
0.7
1.68
0.140
0.017

1.03
c.047
12,021
4.18
6.7
0.57

0.57
0.074
0.0325
0.0050
0.00318
0.0104

(atm cm}

8,08
6.32
0.31
632

(atm cm)

101
8

= SO w ke

.6
.8
.0
.1
.8
.5

=n

0.80
0,78
0.88
0.88
0.80
0.80
0.50
0.27
0.88
0.88

eeoeoe
o ® - o

_Ww Rel.
(atm-cm}
8200 3
8700 3
23 30
1614 30
0.11 3
1018 30
6580 40
15,100 41
2.9 30
168 30
{pr cm)
2.8 30
48 30
0.048 30
0.70 30
1,76 a0
0.147 30
0,017 30
1.02 30
0,046 30
0.006 0
4.18 42
6.7 42(run 61}
0.57 42(run 60)
0,57 42(run 60)
0,061 43
0.026 43
0,0038 43
0.00255 43
0.0103 44
{atm ¢m)
7.38 45, 46
4,58 45
0.13 41
4,58 46
{atm cm)
0,062 48, 49
8.1 50
57 51
6.0100 51
0.17 52
3.£3 52
i.713 52
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region from 9.1 to 20 y, that of Palmer [43] for the region from 20 to 40 g, and the Yaroslavsky
and Stanevich [44] data for the reglon from 40 to 2500 .

The empirical procedure used to evaluate the absorption coefficient was as follcws. The
laboratory data cited in table 6 were reduced to equivalent W* values from the equation

r

1!1

Pe ﬂl

* ] i
W —th T

0
The values of n are given in table 6. The spectral interval from .0 to 2000 u was divided into
equal wavelength increments on a logarithmic scale and for each value of W* a mean absorption
coefficient was evaluated for each wavelength increment, assuming the transmaicilog lor each
wavelength interval cbeys equation 72, Thu nbsorption coefficients for each wavelength incre-
ment were plotted as a function of wavelength and a curve was fitted to the dria using a least-
squares fitting procedure. The resulting curve was a plot of the generalized absorption coeffi-
cient t:zol?m"d2 as a function of wavelength. This corve was then used to calculate values of
transmission versus wavelength for certain values of W* The curves for water vapor are given
in figure 30. Note that each curve is a plot of transmission varsus wavelength for a single value
of W*, To determine the absorption for a different. value of W*, simply shift the curve by an
amount indicated by the index on the right. The transmissior data for all »f the gases are pre-

sented in the same format, and examples of computation are given in section 3.3.4.

3,3.2, TRANSMISSIVITY FUNCTION: CARBON DIOXIDE. The transmissivity functior for
this gas was developed by a purely empirical technique ard 1=, therefore, given by a curve of
transmission versus the product of the generalized ahsorption coefficient and the equivalent sea-
levei path W* or 7 = 7(kW*). This curve Is shown in figure 31. Since the procedure used in ok-
taining this curve is exactly that which was used by Elsasser, the reader is referred to sec-
tion 3.2 where the specific detalls of this form of empirical fitting are discussed. In general,
when performing a purely empirical fit to a set of absorption data ore finds that one function
will oe determined for one absorption baad aud another for a different absorption band. However,
Altshuler fitted the same curve (fig. 31) fcr the entire interval from 1.3 to 19 y to the data of
Howard et al. [30} and King [14]. Therefore, one function represents the CO, data for the entire
interval. Using this transmissivity function he determined the absorpticn coefficients exactly
as those for H20 and the results are plotted in the same format. The curves are represented

by figure 32, Tha units of W* for C02 ate atmospheric centimeters, but the units un the curves
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FIGURE 32. TRANSMISSION VS. WAVELENGTH FOR CARBON DIOXIDE {Continued)

81

e e A




WILLOW RUN LABORATORIES ——

are kilometers of dry air. Therefore, to use tlie curves, convert atmospheric centimeters to
kilometers of dry air by recalling that 1 km of dry air equals approximately 32 atm cm of COZ'
3.3.3. TRANSMISSIVITY FUNCTION: OZONE ANL NITROUS OXIDE. The strong-line

approximation to the Elsasser model which was usea as the transmissivity function for both O,

and NZO is given by

2

nSaO 1/2
T=1- erf w*
d

This equation was {itted to the data in table 6 by the same procedure used for H20. The result-
ing absorption curves are given in figure 33. The curves for NZO use the same units as do
those for CO2 and can be converted to atmospheric centimeters by recalling that 1 km of dry

air contains 0.028 atm cm of NZO' Because the curves for O3 are given directly in atmospheric

centimeters, no conversion is necessary.

3.3.4. PROCEDURE FOR CALCULATING ABSORPTIGON. Figures 30, 32, and 33 represent
all of Altshuler's absorption data. The computation of transmission becomes a trivial matter
once the amount of each absorbing species in the slant path is determined. The technique for
reducing a slant path to an equivalent sea-level path W* has bee;l previously discussed and the

results are given by equation 87 (sec. 2.4.3). Altshuler, however, suggests that W* be computed

by an equation which is a slight modification of equation 67:

X -n
1/2
rp Ty
w* = il = p dx (73)

3 0
0
where n = 1.0 for CO2
n=1.0 for HZO
n = 0.3 for O3
n=1.0 for NZO
For COZ’ HZO’ and NZO the two equations are identical since n = 1. However, for O3 Altshuler

suggests a pressure correction on half-width, that is, 0.3 rather than linear. Altshuler deter-
mined this value empirically from Walshaw's [34] laboratory data. There is some controversy
concerning the correct pressure correction which should be used when reducing laboratory data

to equivalent W* values. Theory indicates that half-width varies linearly with the effactive
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broadening pressure Pe; this does not seem to be supported by laboratory data. A posslble solu-
tion, particularly for 03, would be to perform all empirical fits with W and P as parameters and
not use the equivalent sea-level path concept. Under these conditions a pressure correctlon

would not he required.

The technique described 1n appendix I may be used to evaiuvate equatlon T3. The output of
the program will yield values of W* in precipitable ccntlmeters for H20 and in atmosapheric
centimeters for 03 whlch may be used directly on the curves. However, values of W* for CO2 and
N20 must be converted to an equivalent length of dry air,d. For C02, d = W*/32and for N20, d
= W*/0.028. After the appropriate values ¢! W* and d have been computed the following pro-

cedure is used to compute transmission:

{1} With the vse of dividers, mark off on the "index" the amount of absorbing gas present
in the slant path, i.e., W* or d. Use the fine scale hetween 1 and 10 on the index for interpolat-

ing between the major divisions on the index.

(2) Locate the major division on the index corresponding to the values of W* or d identify-

ing the curve onthe figure.

(3) The transmlssion is cbtained by displacing the transmission curve by the same amount

and directlen that the entry value differs from the curve.

(4) Fead the transm’3slon 7 for each gas at the same "savelength and calculate

-
(1) = [‘rﬁzo(l)] [‘rcoa(.\}] I:T OS(A{I TN‘) O(A)}

(5) Repeat (1})-{4) for each wavelength through the interval of interest.

Atshuler's method for computing transmlsslon is valid only when there is enough absorb-
ing gas that strong-line conditions are present. Recall that when the quantities of gases and
vapors are small and the pressures are low, absorption is such thai the weak-line nonover-
lapping approximation 1s valid and absorption varies linearly wl.th W#* . This occurs for values
of absorption lesg than approximately 10%, regardless of which absorption model applies, the
Elsasser model, the stalistlcal model, or the experimental model. Examlning figure 34 one
may note that all band models overpredict absorption for small quantities of gas. It is neces-
sary, therefore, to correct these values of absorption to bring them In to agreement with the

actual absorption.

Figure 35 shows the linear absorption reglon for varlous gases and vapors. Absnrption is
plotted versus the altitude of a horizontal path. This figure demonstrates the fact that at higher

altitudes the maximumabsorption for weak-ilne conditions becomes less and less owing to the
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Elsasser Model

Goody Model  ~—--——
1.0 -~ Experimental Model —— e——
Actual Curve —————=
<
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kws = g%y

FIGURE 4. TRANSMISSIVITY CURVES SHOWING THE DIVERGENCE OF AESORPTION
FROM THAT PREDICTED BY THE ELSASSER, GOUDY, AND EXPERIMELTAL BAND
MODELS. For gases at sea level.
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decrease in spectral-line width with slecreasing pressure. In order to apply this figure to an
actual caiculation, simply determine the absorption for a glven path and if it lies below the
curve of figure 35 the use of the weak-line approximation is vaiid. If the path 13 not horizontal,
the mean attitude of the path may be used to a good approximation.

In order to compute transmission for weak-line conditions, first compute the amount of
absorber that wiil yield a value of abaorption equal to 5%. Then, usiug the vaives of W* for
each gas, delermine the absorption from the following equations (taken from figure 34 by

inspeection).
*
L/ H20
Ay 0= 02— gEm (14)
HZO W"'[_l o (95
2
*
W CO2
Acg. = 0-0016 37— 5 (75)
2 CO2
®
W 03
A03 = °'°7w*0 5 (76)
3
*
W N20
AN o- o.zzd 95 (17
2 N20
* * * x i
W HzO' w C02, w 03, and W N20 are the reduced equivalent paths for each gas and
W*H o (95%) and W= 0 (95%) are the equivalent paths that will yieid a vaiue of transmission
2 3
equal to 95%. dCO (95%) and dN o (95%) are the dry-air path lengths that give a transmission
2 2

of 95%. The vaiues of absorption obtained from these equations are compared with the curves
of figure 35 to test the vaiidity of calcuiation.

3.4. METHOD OF A. ZACHOR

Zachor {27] used four different functions based on the band models of Elsasser apd the
homogeneous laboratory data of Howard, Bursh, and Williams {30] and Waishaw {34] to develop
iransmissivity functions which can be used to caiculate absorption versus wavelength for the
spcetral interval from 1.03 to 10.80 pu for CO2 and 03. Zachor aiso inciuded in reference 27

a method for computing absovption caused by H,O for the same spectral interval. However,

2
the method presented was talen directly from the resuits of Howard et al. (see sec. 3.5,
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ref, 30). Therefore, this section presents only the results of Zachor's orlginal contributlon:
methods for computing absorption caused by CO2 and 03.

3.4.1, OZONE. Zachor made anempirical fittothe laboratory data of W:dshaw[34] for the 9.6-
uozozebandusinga modification of the Elsasser band model. Recall that the absorptlon as glven
by the Elsasser model ls

Y
A = sinh ﬁf [O(Y) exp (-Y cosh g)dY
0

2n1a
0P P
where § = — = e
d PO OPO
S W
Y_asinhﬁ

According to thls model, the mean hal{-width a of a speztral llne, is a linear function of the
effective broadening pressure, Zachor found that thls linear relatlonship was not supported by

Walshaw's data and that § was more accurately described by

C
P
8=8y(5-
O(PO)

where ¢ is a parameter that depends upon wavelength. Therefore, Zachor used this modification
of the Elsasser model to describe absorptionby 03. The Elsasser model s plotted for differ-
ent values of § In figure 36, The values of 8 and Y for which the weak- and strong-line approxi-

matlons may be used are noted on the flgure. The constants {30, 5/d, and c are listed in table 7.

3.4.2, CARBON DIOXIDE. Zachor analyzed the laboratory data of Howard et al. [30] and
found that a single model could not be used to accurately describe the absorptlon by CO, for the
entlre spectral reglon from 1.03 to 10.80 u. Therefore, Zachor used four different moJels, each
mode] belng used to descrlbe the absorption over only a portlon of the total spectral interval.
The four models used are llsted below.

Model 1: The exact Flsasser band model

Y
A = sinh ﬁj ID(Y) exp (-Y cosh ) dY (78)
V]
I,
Y = 4sinh B
e
P
A==
i)
- Zﬁao
0 d
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A
M)

9.335
9.398
9.463
9.494
9.526

9.590
9.652
9.713
9.773
9.834

5.893

9.953
10.07
10.19

S/d Bo
0.555 C.678
0.476 0.712
19.0 1.70
14,3 1.48
9.43 2.07
4,58 1.38
7.15 2.02
8.34 1.49
8.00 1.67
7.14 1.88
5.20 1.74
3.22 1.82
0.944 2,27
0.318 0.554
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TABLE 7. EMPIRICAL CONSTANTS FOR OZONE

0.502
0.477
0.854
0.648
0 899

0.602
0.802
0.648
0.699
0.756
0.725
0.748
0.745
0.301
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Model 2: The strong-line approxlmatlon to the Elsasser band model

A= erf &WAPY%) (79)

Modcl 3: The strong-line approximation to two uverlapping Elsasser bands with equal llre
spacing and intensity
2

c/2), (80)

A= 1[1 - erf (kWP

Model 4: The strong-line approximation to the statistical band model

A=1 - exp (-KW'p/? (81)

Each of these models is a raodiflcation of one of the origlnal modeis discussed in section2.2.
H the values a = 1/2 and ¢ = 1 vere usec for every wavelength the models would ve identical.
Aithough there is no theoreticul reason for employlng such modifications, Zachor justlfied thelr
vse by the fact that the modificd models allowed for better empirical {its to the laboratory data.
The wavelength-dependent parameters K, a, and ¢ and the model to be used to compute absorp-
tiza for each wavelength are given In tuble 8.

Let us consider the actual procedure used oy Zachor to fit the emplrical relations for 03
and CO2 to the absorptlon data. A number of discrete wavelengths were picked in each of the
absorption bands studied. These were picked to accurately describe the Howard, Burch, and
Willliams spectral data; that 1s, given measured absorption at each of these wavelengths, the
band spectra could be duplicated almost exactly by simply sketching a curve tlirough these mea-
sured values. For each of the chosen wavelengths, values of absorpilon corresponding to differ-
ent (effective) press.res and concentrations were read from the spectra and plotted in the form
A vs, log W for different constant values of P. Figure 37 shows plots of the data for the wave-
lengths 4.85, 2.76,and 2.70 u. The plotted data were compared to the master plot of equaticna
78-81 by placing tha plots of the equations, one over the other, on a light table; the plot of the
data was shifted to the right or left until the curves best matching the data polnts were found.
These curves werc then traced directly onto the data plot as Indicated by the soiid curves of
figure 37. This procedure established the fura of the empirical equation, and led inta the prob-
lem of deter mining the values of the three constants.

Figure 37a demonstrates that the absorption data at A = 4.85 u is accurately described by
equation 78. The shape of the absorption curve given by equation 78 is taken directly from the
labeled curves of the master plot after they are traced through the data points. The value of ¢
is determined by comparing the 3's for any two of the curves; that is, P1/ I-‘2 = (Bl/ﬁa)c. As
would be expected, the values of ¢ obtained from different pairs were usually not consistent on

the first attempt. The valuc ot ¢ {or which all the curves simultanecusiy fit the data points with

91




A
(u)

1.37
1.38
1,39
1.40
141
1.4”
1,44
148§
1.48
1.50
1.52
1.54
1.56
1.58
1.60
1.63
1.85
1,67
1,68
1.69

1.88
1,90
1,92
1.94
1.85
1.96
1.97
1.98
1.98
2.00
2,01
2,02
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TABLE 8, EMPIRICAL CONSTANTS FOR CARBON DIOXIDE

Model k a c/2
2 129x 16% 0500 0500
2 78x10°% 0500  0.500
2 1.71%x 10°  0.500 0,500
2 1.42x100Y 0500  0.204
2 2.02x 10 0500 0,205
4 6.38 x 107 0.399 0.358
4 1027 100°  0.399  0.292
2 2.30x 100 0500  0.286
2 240x 100° 0500  0.500
2 254x 1008 0500 0.500
2 3.62x 1077 0500 0,500
2 1.24x 100° 0,500 0,500
2 4.07x10°° 0500  0.491
2 2,00 x 10" 0.500 0.366
4 3.62x 160 0446 0.399
2 1.61x100% 0500  0.33
2 3.04% 10°° 0500  0.500
2 1.1x100° 0500  6.500
2 321x 108 0500 0500

71
2 2.92%10°° 0500  0.500
2 8.66x 10°° 0,500  0.542
2 1.03% 100° 0500  0.332
2 1.39x 1073 0.46 0.35
2 1,29 x 10‘3 0.500 0.387
2 9.9x10 o528 0350
2 792x 100 0500 0.383
2 232x 107 0876 0402
4 1.83% 107 0.717 0.572
4 535x 1000 0.446 0,399
4 2.6¢% 100° 0358 0177

8/d

/0

L]

P —— N A  —
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A
(M)

2,03
2,04
2,05
2.06
2,07
2.08
2,10
2,12

2.62
2.64
2.66
2.68
2.70
2,72
2.74
2.7
2,78
2,E0
2,82
2.84
2.86
2.88
2.40

3,96
4,00
4.0t
4.10
4.15
4.20
4,25
4,30

WILLOW RUN

LABORATORIES

TABLE 8. EMPIRICAL CONSTANTS FOR CARBON DIOXIDE (Continued)

Model k a ¢/2 s/d By c

4 7.44% 1000 0.447 0213

2 1.99x 1003 0500 0,276

2 1.35x 107 0.500 0,363

2 1.48 X 107 0.500 0.377

2 3.64 % 107 0.415 0.303

4 5.6x 1000 0390  0.202

2 50%10°° 0500  0.207

T=1

4 1.04 X 1073 0.446 0.424

4 1.38x 1002 0375 0.316

4 2.31 x 10°° 0.448 0.278

4 3,20 x 1002 0,446 0,435

4 2.36x 1002 0414 0455

4 1.07%x 1002 0500  0.493

3 587x 10°% 0500  0.485

4 1.82 x 1072 0.500 0.490

4 289 x 1072 0,389 0,380

4 3.07x 1002 0202 0.344

4 3.95x 10°° 0216 0,257

4 32551002 0189  0.217

4 £.87x 107° 0202 0.141

Tz1

2 211x100% 0500 117

1 2 x 10‘3 0.212  1.81
1 2.5% 1072 0.103 1.00
2 1.6 % 1072 0.500 0.363
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TABLE 8. ZMPIRICAL CONSTANTS FOR CARBCN DIOXIDE (Continued)

94

A Model k a c/2 8/ E_Q c
{ur)
4.35 4 1.12x 100 0446 0372
4,40 4 4.81 x 1072 0,500 0.367
4.45 4 177x 1002 0500 0,380
4,50 1 5% 1000 0409 0.675
4.55 2 148x 100° 0500 0,193
4.80 2 112 x 1074 0.500 0.500
4.65 2 8.94 x 100° 0500  0.500
4.70 2 1rax 10t 0500 0,500
4,75 1 1.8x 10~ 0.103 1.0C
4,80 1 2.41x 1000 0207 1.06
4.85 1 417 x 1073 0.205  0.742
4.90 1 1.89x 10”2 0.102  0.440
4.95 1 740x 107°  0.203 0433
5,00 --
5.05 T=1
5.10 1 1.08x 107 0,021  1.00
5.15 2 9.9% 107° 0500 0500
5.20 1 5.56 x 107 0314 1,30
5.25 1 2.25 x 10~* 1.19 1.00
5,30 =1
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minimum scatter can eventually be determined by retracing the curves several tlmes. From
the determined values of ¢ and of any one of the f's the value of ‘BO can be calculated from the
relation 3 = BO(P/PO)C. Since the abscissa of the master plot is 8y = (S/d})W, as in flgure 36,
the value of 8/d 15 determined as soon as the curves are traced through the data points by divid-
ing the value of (S/d)W on the abscissa of the master piot by the corresponding value of concen-
tration W on data plot.

Figures 37a and 37b show, except for the uppermost curve in figure 3%b, that the absorptlon
at 2.76 and 2.70 y is described by equations 80 and 81, respectively. The procedure in determin-
ing the appropriate values of K, k, and ¢ in either of these equations i much the same as the
procedure used to make the empirlcal fit of equaticn 78 to the 4.85-u data. The value of k was
determined hy tracing the curves of thc master plot through the data points. The value of ¢/2
could have been found in the same manner, by plotting A vs.log P = for constant W and using the
master plot again; the usual process, however, was to equate the values of Wch/ 2, which give
the same absorptlon for two different pressures. If A(Wl, Pl) = A(wz, Pz), then (Wllwz)k
- (p, /P2

271

the absorption corresponding to any P and W into the absorption equation one can determnine the

., which gives c¢/Z when k is known, By substituting the known values of k and ¢ and

value of K.

Zachor's method for computing absorption is unique in that he is the oniy author that In-
corporated a pressure correction on half-width tnat is nonlinear and a function of frequency.
Such a pressure correction implies that a change in pressure affects the average line half-width
differently, depending upon the frequency interval. Although such effects are not supported by
theory, they were observed by Zachor upon exaniining the laboratory data and were, therefore,
incorporated into the fitting procedure. It seems to the author that the observed anomalies
should have been attrihuted (o experimental error rather than to a new physical phenomenon
and that a linear correction should be used (at least one that ‘was constant with frequency) rather
than the one employed. This would result in an empirical fit that had a tendency to average out

the errors rather than emphasizing them.

Zachor's method for computing slant-path transmission is quite straight-forward. First,
the values of W and P are determined for each absorbing gas. To compute absorption caused by
03, calculate Y and B for each wavelength, using the coustants given in table 7. The values of
Y and 3 can then be used to determlne the spectral ahsorption from flgure 36 or equation 78.
The strong-iine and weak-line approximations to the exact Elsasser model should not be used

unless the vaiues of Y and § are satisiied by thr. conditions noted on flgure 36.
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To calruiate absorption for C02, one of four models is used: table 8 gives the appropriate
nwdel to use for a given wavelength. These models in conjunction with the constants k, a, ¢/2,

8/d, 8 0 and c, a!s3 given in table 8, are then used to calculate slant-path absorption spectra.

3.5. METHOD OF J. HOWARD, D. BURCI!, AND D. WILLIAMS

The major contribution of Howard, Burch, and Williams to the field of atmospheri¢ absorp-
tion has been the measurement of low- and high-resolution absorption spectra for homogeneous
paths under laboratory condltions. The major results of their efforts are published in two re-
ports [1, 30] which include a wealth of data. The earlier of these repcrts contained spectra mea-
sured at rela.'vely low resolution compared to the resolution obtained from thelr more recent

measurements.

WATER VAPOR. In an effort to contribute further to the field of atmospheric transmission,
Howard et al. made an empirical fit of the Goody band model to their low-resolution absorptlon

spectra [30]. Let us consider the empirical procednres which were employed.

Recall that the Goody model is given by
A=1-exp _'_d_"'ﬁ'z' {82)
(e + %)

Equation 82 expresses the absorptlon averaged over a narrow spectral interval in terms of the
mean line intensity S for that interval as well as the mean line half-width and the absorber con-
centration. It was assumed by Howard et al. that the average intensity for a subinterval varied
across an absorption band according to the relatlon 8 = k/WG' where k is a constant and W0 s
the value of absorber concentration, at some pressure which yields a value of absorption equal

to 50%. Substituting thls expression Into equation 62 and simplilying, we reduce that equation to
\

_k (__&)

d Wo
F,,_k_ﬁ(l)
| nac P WO
R

Before equation 63 can be used to predlet absorption the various parameters must be

o

A= -exp 83)

1/2

evaiuated. Wo is the only frequency-dependent parameter and has been evaluated as follows:

a number of homogeneous absorption spectra were selected covering a broad range of #bsorber
concentrations, each concentration reduced to an equivalent value at some common pressure,
The absorption band was divided into subintervals and for each subinterval the absorption was

plotted as a function of absorber concentration. A curve was fitted to these points and the value
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of absorber cosrespondlng to an absorption of 50% defines W_ for that subinterval, Thls process

0
was continued until W_ was determined for the entlre band, The values of W, are given in

0 0
table 9.

The uext step in performing the emplrleal fit was to determlne the values of k/d and k/ao.

Yo

and adjusting the two constants untll equation 83 gave a best fit to the data. The resultlng ex-

presslon for absorption as determlned by Howard et al. is given by

w
-1.99 —)
(wﬂ
/2
P
of W

P
This was done simpiy by piotting A vs, _P“)(l"_) for all of the homogeneous laboratory spectra

A=1-exp (84)

e

-

Fguation 81 in conjunction with the values of W, presented in table9 can be used to compute H,O

0
absorption for any path for which values of W and P are known.

3.6. METHOD OF G. LINDQUIST

Llndquist [53] made an empirical flt of the Goody band-model absorgtlon equation to the
taboratory data of Howard, et al. to develop a transmisslvity fonction for HZO for the wavelength
reglon from 1.06 to 9.2 4.

The form of the absorption equation used by Lindquist ls

-Csw*
A=) -exp|— (85)
(1+C 4w*)1; 2

where W* is the equivalent sea-level path and C3 and C 452 emplrically derived constants.
The procedure used to evaluate the constants was as follows; The Howard spectral data were

reduced to equivalent W* values by the equation

0.62

P T
- =W_.s(__°)

POT

Equatton 85 was then titted to the reduced data, determining C, and C 4 such that the error be-

3
tween measured and calcu'ated values of absorption was minimized In a least-squares sense.

The resultlng values of C_, and C, are given ir. table 10.

3 4
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3.6 X 103

1.62 x 103
7.2 X 102

3.0 x 1()2

1.14 X 102
3. 75 X 10
1.45 x 10
6.8

3.15

1,91

1.42

1.62

2.65

4.8

8.4

1.5 x10
2.8 x10
5.8 x 10
1,45 x lif)2
5.6 X 102

1.7 x10°

5.3 x 102

1.85 x 10
6.6 x 10
2.5 x10
1.0 x 10
4.45

2.08

1.0

506 x 10°
2.65 x 10~
1.5 X10
9.2 10
6.5% 10"
5.7%x10°

1
1

-1
-2
4
2
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TABLE 9. %9 Vs. WAVELENGTH FOR WATFR VAPOR

L
(1}
1.38
1.39
1.40
1.41
1.42
1.44
1.46
1.48
1.50
1.52
1.54
1.56
1.58
1,60
1.63
1.65
1,67
1.68
1.69
1.70
1.72
1.74
1,76
1.78
1.80
1.82
1.84
1.86
1.88
1.90
1.92
1.94
1.95
1.96

Yo

2
2

6.2 x10°
7.5 x10°
9.5 x 10~
1.3 %107}
1.85 x 10"
4.3x10!
1.08
2.55
5.9
1.59 x 10
5.1 %10

2
1.86 % 10
7.7 x 102
3.5 x10
1.6 x 10
6.0 x 10
2.15 x 10°
1.25 x 102
7.2 %10
4.1 X 10
1.3 x10
4.2
1.3
4.25x 10!
1.52 x 10"
5.6 x10°2
2.6 X 1072
2.35 x 1072
3.95 x 1072
8.7 x10°
2.2 x10°
5.5 x10°
8.6 x10°
1.37

3
3
2

2
1
1
1

A

)
1.97
1.98
1.99
2.00
2.01
2.02
2.03
2.04
2.05
2.06
2.07
2.08
2.10
2.12
2.14
2.18
2.18
2.20
2.24
2.28
2.32
2,36
2.40
2.44
2.48
2.52
2.54
2,56
2.58
2.60
2.62
2.64
2.66
2.68
2.70

%o
2.15
3.45
5.55

8.6

1.37 X 10
2.1 x10
33x10
4.93 10
7.6 X i0
1.1 x 102

1.6 X 102

2356 x l‘.'.'r2
4.8 % 102

9.2x 102

1.68 x 103

2.8 x 10°
2.1x 103
1.17 x 10°
2.6x 102
6.4 x 10
1.75 X 10
5.5
1.95
7x107
2x10°
5x10°
2.25 x 1072
1.12 x 1072
8.5% 1075
7.1 %1073
5.6x107°
3.85 x 10~
2.6x 1073
2.2x107°
2.37 x10°

1
1
2

3

3

A
{(u)

2.72
2.74
2,76
2,78
2.80
2.82
2.84
2.88
2.88
2,90
2,92
2.94
2,96
2.98
3.00
3.02
3.04
3.06
3.08
i.10
3.12
3.14
3.16
3.18
3.20
3.22
3.24
3.26
3.28
3.30
3.32
3.34
3.36
3.40
3.44

Yo

475 x10°3

3.00 x 1073
9.6 x10°°

1.1 x 1072

1.29 x 10
1.65 » 10
2.45 x 10
4.00 x 10
7.00 x 10
1.23 x 10
2.14 x10
3.00x10
3.47 X107
3.75 X 10
3.83 x 10
3.65 x 10
3.22 x 10
2.92 X 10
2.93 x 10
3.65 x 10
6.2 x 1071
1.2

1.7

1.0

3.4 x107
2.25 x 107
2.27 x 1071
2.8 x10°1

3,5 %1071

4.5 x10°*

5.8x10°!

7.6x 107}

1.0

1.80

3.35

2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1

1
1
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TABLE 8. W, Vs. WAVELENGTH FOR WATER VAPOR (Continued)

L
(u)
3.48
3.52
3.56
3.60
3.64
3.68
3.72
3.76
3.80
3.84
3.88
3.92
3.96
4,00
4.05
4.10
4.i5
4,20
4,25
4,30
4.35
4,40
4.45
4.50
4.55
4.60
4.65
4,70
4,75
4.30
4,85
4.90
4.95
5.00

.5.05

(]

6.40

1.23 x 10
2.3x10
4.4 x10

8.5 x10

1.59 x 102

3.0 x 102

5.7 % 102
1.06 x l(J3

1.95 x 103

3.68 X 103

6.9 x 103

11

4.45 X 103

1.7 x 103

8.0 x 102

3.0 x 102

1.85 x 102
8.8 x10
4,5 x10
2.3 x10
1.2 x 10
6.8

4.15

2.7

1.24

A
(u

g

5.10
5.15
5.20
9.25
9.30
9.35
5.40
5.45
3.50
5.50
3. 70
5.80
5.85
5.90
5.95
6.00
6.05
6.10
6.15
6.20
6.25
6.30
6.35
6.40
8.45
6.50
6.55
6.60
6.65
6.70
6.75
6.80
6.85

Yo
1
1

1
1

8.9 x 107
6.4 x 10°
4.7x 10°
3.4x 107

1
1

1.78 x 10~
1.25 x 107
8.8 x 10”2
6.3 x 1072
3.0 x 10”2
1.4 x 1072
7.2 x10°3
5.1 x10°°
3.5 x 1073
2.65 x 10”
2.1 x107°
1.97 x 107
2.15 x 10°
2,95 x 10°
4.15 % 10
5.8 x 1075
7.1 x 1073
8.05 x10°
7.1 x 1073
4.8 %1073
3.1 x10°3
2.05 x10°
1.5x10°°
1.35 x 10"
1.37 x10~
1.52 x 107
1.8 x10°3
2.2 %1073

3

3

3
3
3

3

3

3
3
3

A
(W
6.90
6.95
7.00
1.10
7.20
7.40
7.60
7.80
8.00
8.20
8.40
8.60
8.80
9.00
9.20
9.40
9.60
9.80
10.00
10.20
10.40
10.60
10.80

Yo

2.75 x 10°
3.5 x10°
4.3 x 10°
6.8 x10°
1.1 x10°
2.5 x 10°
7.3 x 1072
1.0 x10°!
4.7 x10°}
1.0

2.0

3.85

6.9

1.21 x 10
2.17 x 10
3.95 x 10
7.4 X 10
1.43 x 10°

3.00 x 102

0.8 x 102
1.65 x 103
.65 X 103

T=1

2
3
2

3

3

2
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To predict H20 absorptiun by the method of Lindquist, the amount cf H20 in an atmospheric
slant path is reduced to an equivalent sea level concentration, W* . This value and the constants

c 3 and C 4 2T substituted in equation 85.

3.7. METHOD OF G. E. OPPEL

Oppel [18, 21, 54] has applied the absorption band models of Elsasser and Goody to the
_laboratory data of Burch, Williams, Gryvnak, Singleten, and France [1] and the calculated
homogeneous-path data of Stull, Wyatt, and Plass [19] to develop transmissivity functions for
H20, C02, N20, CH4, and CO for the wavelength range from 1.0 to 5.0 u. Thes iunctions ex-
press absorption as a function of two frequency-dependent parameters, 2na6/d and S/Zmb, and
two slant-path parameters, W and P. Absorption spectra computed by Oppel’s method differ
from spectra obtained by any other published method which is based upon a closed-form band
model in that the spectra have a relatively high resolution {(approxlmasteiy 0.00¢ u). The higher

resoiution resulted from the laberatory data that were used and the method of performing the
empirical fit. '

A sample of the laboratory data of Burch et al. is s4own in figure 38. Two curves are
presented {or the 2.7-p Hzo band for two values of absorber concentration, each for a different
equivalent broadening pressure. Note that the resolution is such that spectral line structure
is observable. Oppel preserved this structure by evalusting the frequency-dependent parameteis
at each maximum, minimum, and inflection point of ‘Le absorption spectra. The procedure em-
ployed in performing this evaluation is exactly that which is described in section 2.3. This
method is in contrast to that eraployed by other authors wh= either invoke a smoothing process

that removes most of the spectral detail in the absorption band or use laboratory data that are
of relatively low resolution.

3.7.1. CARBON DIOXIDE. Oppel filted the Elsasser model to the data of Burch, et al. {1]

for the 2.7- and 4.3-u bands of (‘.‘02 to obtain vatues of Znabsldz and S/d whick are presented in
tables 11 and 12, respectively.

The exact Elsasser equation and the strong-line and weak-line approximations are, respec-
tively:

Y
A = sinh BJ. IO(Y) exp (-v cosh g)dy (B6)
0
Fl(zna(',s) 1/2
A= erf I;i—Z—WP (67)
d
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TABLE 11. ABSCRPTION CONSTANTS FOR
CARBON DICXTDE FOR THE 2,7-p BAND

A

T

2.6434
2.6504
2.6674
2,5724
2,6738

2.6302
2.6831
2,6882
2.6811
2.6940

2.6969
2,7021
2,7086
2.11317
21211
2,7322
2.7397
2.7473
2.7548
2,7579

2,7608
2,7663
2,7685
2.7739
2,718

2,7801
2,7855
27917
2.7941
2,8027

2.8:29
2,8153
2,817
2,8241
2.8281

2.8345
2,8433
2,8514
2.8555
2,8620

2.8686
2,8752
2.8717
2,8810

2na6$/d2

0.15
0.6
0.5
0.25
0.315

0.55
0.54
0.28 E-
0.195 E-
0.26 E-

0.325 E-
0.345 E-
0.28 E-
0.135 E-
0.3% E-
010 E-
Q.15 E-

E-

E-

E-

[}
b -1 m

1 = L"JL"'JL"JL"JI?J

(AR R N N N N AN AN AN T N AN R -

0.75
0.26
0.30

0,255
0.13
0.81
0.24
c.28

0,27
0.165
0.7
0.56
0.35

0.84
0.58
0.39
0.2
0.165

0.155
0.197
0.165
0.13
0.45

0.97
0,24
0.1
c.7

] 1
Lo W

t“]t"]t‘f]t’!t']

LFL"JL;'JI?J[“I

[}

[ | 11 1
WO =1=1=01 DB L I &b LW W

oo M el o B o B o Rl e o o B o B s B o ol o B o

0.33 E-3
0.16 E-2
0.37
0.50
0.50

0.55
0.88
0.86
0.54
0.38

0.52
0.70
0.74
0.62
0.44
0.15
0.025
0.076
0.36
0.55

0.58
0.53
0.33
0.26
0.42

0.417
0.44
0.29
0.16
0.13

0.07

0.037
0.06217
noty
0.005

0.003
0,003%
0.0033
0.0024
0.G01

0.3 E-4

5/d

A=
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TABLE 12, ABSORPTION CONSTANTS FOR
CARBON DIOXIDE FOR THE 4.3~ BAND

N 217068/(12 s/d

(1)
4,149 (LR7] 0.0
4,158 2,5 E-10 0,00026
4,167 2,95E-8 0,0058
4,195 1,92 E-§ 0,24
4,184 1,39 E-4 0.87
4,193 5.13 E-4 2,05
4,202 5.14 E-3 15.1
4.211 1.2 E.2 26.15
4,219 2,04 E-2 34.6
4,228 3.34 -2 41.6
4,237 3.48E-2 41.5
4,246 3,42 E-2 37.2
4,255 1.2 E-2 12,25
4,264 2,34 E-2 25,5
4,274 2,81 E-2 32.7
4,283 2,53 E-2 31.8
4,292 2.07T E-2 26,5
4,301 2,33 E-2 28.4
4,310 1.07 E-2 12.16
4,319 1.34 E-2 13.9
4,329 8,46 E-3 7.9
4,338 4,58 E-3 3.58
4,348 3.7 E-3 2,72
4,357 1.74 E-3 1.25
4,367 1.34 E.3 0.974
4,376 4.31 E-4 0.322
4,386 5.07 E-4 0.39
4,396 1,03 E-3 0,825
4,405 1,47 E-3 1.224
4,415 9.87 E-4 0.866
4,425 5,67 E-4 0,522
4,435 4,25 E-4 0.34
4,444 1.23 E-4 0.131
4,454 7.1 E-5 0.0825
4.464 4,14 E-5 0,053
4,474 2,34 E-5 0.0304
4,484 9.92 E.6 0.0167
4.494 3.13E-6 0.00618
4,505 9.6 E-7 0,0024
4.515 0.0 0.0
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A=1-~exp (-S/dW) (88)
where Y = Ei%ﬁp'ﬁ
v - MSTO‘—;,’

To :ompute absorption spectra by Oppel's method for a siant path, simply determine W and P

by the appropriate equations given in secticn 2.4 or by the computer program given in appendix L.

Substitute these values into the equations. If either of the two approximations to the Elsasser
function is used, the values o. § and y should be compared with table 1 to confirm the valid

application of the model selected.

3.7.2, WATER VAPOR. The statistical model with an exponential distribution of line
strength was used to describe absorption by H2O for the spectral region from 1.0 to 5.0 .
This function was fitted to the data of Howard et al. for the three absorption bands centered at
1.14, 1.4, and 1.88 1, and the data of Burch et al. for the 2.7- and 3.1-y bands. High-resolution
absorption spectra for H20 are not available for the 4 to 5 4 region. However, Stull et al. have
calculated homogeneous absorption spectra for this spectral region using the quasi-random
model. These calculated absorption spectra were used by Oppel to determine the statistical
band-model constants. The empirical procedure used to evaluate the frequency-dependent
parameters S/2fra(') and S/d for the entire region from 1.0 to 5.0 » was analogous in every detail
to that used for C02. The resulis of the empirical It are presented in table 13. Absorption for

the exact statistical model is given by

1/2
A=1-exp [-/1+ 2072 (89)
and the strong-line and weak-line approximations are, respectively,
1.2 1/2
A=l -exp[—(iﬂ w) ] (90)
and
A=1- exp {-8¥) (91)

where 3 and { are defined as for C02. In general, neither of the approxiniations is used to com-
pute absorption since the exact statistical model 1s given tn a2 convenient closed for=:. If the
exact function is used, it is not necessary to check the limits of 8 and ¢ since the function is

defined for all values.
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WILLOW RUN LABORATORIES

A
(1)
1.07875
1.07991
1.08108
1.08225
1.08342

1.08460
1.08576
1.08696
1.08814
1.08932

1.09051
1.09170
1.09290
1.09409
1.09529

1.09649
1.09769
1.09890
10011
10132

10254
.10375
.10497
.10619
10742

.10865
.10988
11111
11235
11359

.11483
11607
1,11732
1,11857
1.11982

1.12108
1.12233
1.12360
.12486
12613

1
1
1.12740
1
1

Pt

N o N Ty S W Y

.12867
.12994
1.13122
1.13250

TABLE 13, ABSORPTION COEFFICIENTS FOR WATER VAPOR

S/Z?Tdb s/d N S/Zﬂfﬂ_’q
h—ls
0.0 0.0 1.13379 47 Eb5
5. 7. E-3 1.13507 65 Eb
1. E1I 3.5 E-3 1.13636 2.2 Ej
1.2 E1 1.1 E-2 1.13766 6.2 E6
1.5 E1 1.3 E-2 1.13895 2,5 ET
2.6 E1 1.5 E-2 1.14025 7.5 ENU
45 E1 1.7 E-2 1.14155 23 EB8
7.5 E1 4, E-2 1.142806 4.3 v
1.5 E2 56 E-2 1.14416 8.5 EB8
2.9 E2 7. E-2 1.14548 1.4 E9
4.2 o 3.5 E-2 1.14679 2.1 E9
68 E 1.1 E-1 1.14811 25 E9
1.1 E3 1.3 E-1 1.14943 2.4 E9
1.7 E3 1.5 E-1 1.15075 2. E9
23 E3 1.7 E-1 1.1520% 1.2 E9
27T E3 2. E-1 1.15340 45 EB8
2.9 E3I 2.3 E-1 1.15473 1.3 E8
28 E3 2.5 E-1 1.15607 4, ET
2.6 E3 2,6 E-1 1.15741 1.5 ET
24 EJ 2.7 E-1 1.15875 4. EB6
2.2 E3 2.9 E-1 1.16009 1.5 E&6
2.13 E3 3.1 E-1 1.16144 4.4 E5§
2.2 E3 3.5 E-1 1.16279 2.9 E4
23 E3 3.8 E-1 1,16414 4.5 E4
2.4 E3 4.3 E-1 1.16550 2.8 E4
27 E2 4.8 E-1 1.16686 1.9 E4
29 E3 5.5 E-1 1.16822 1.2 E4
33 E3 6.2 E-1 1.16959 8.8 3
39 E3 7.4 E-1 1.17096 6.6 E3J
47 E3 #.5 E-1 1,17233 5 E3
57 E3 9.6 E-1 1.17371 3.7T E3
7.2 E3 1.1 1.14509 2.8
9.5 E3 1.4 1.17647 2.1
1.3 E4 1.7 1.17786 1.5
1.8 E4 2.1 1.17925 1.2
2.5 E4 2.9 1.18064 9.5
39 E4 3.4 1.18203 7.9
5.1 E4 5.2 1.18343 6.5
6.6 E 4 3.5 1.18483 5.2
8.8 E4 1.4 E1 1.18624 4.3
1.2 ES 21 E1 1.18765 3.3
1.6 ET 2.9 E1 1.18906 2.7
2.1 ES 28 E1 1.19048 2.1
27T E& 25 b1 1.1919¢ 1.&
15 E5 2.1 E1 1.19332 1.2
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TABLE 13. ABSORPTION COEFFICIENTS FOR WATER VAPOR (Continued)

H HEHdEE InEHE" mEmEm

[]

EEEE BEEE
[

J S/Z:rao §_/_d A S/.?rrab s/d
(u) [} —
1.19474 9.7 1.1 E-1 1,50378 2.0 E1 1.8
1.19617 7.5 g.0 E-2 1.30548 2.4 E1 2.1
1.19760 5.8 75 F-2 1.30719 2.9 E1 2.3
1.19760 4.5 3.1 E-2 1.30890 3.5 E1 2.5
1.19904 3.5 5.2 E-2 1.31062 43 E1 2.8
1.20048 2.7 4.4 E-2 1.31234 5.4 E1 3.1
1.20192 2.2 4, E-2 1.31408 6.6 E1 3.5
1.20337 1.8 3.6 E-2 1.31579 g. E1 3.8
1.20627 1.4 3.4 E-2 1.31752 9.5 E1 4.2
1.20773 1.15 3.2 E-2 1.31926 1.1 E2 4.7
1.20819 3.5 3.0 E-2 1.32100 1.3 E2 5.2
1.21065 8. 2.7 E-2 1.3227% 1.6 E2 5.8
1.21212 6.8 2.4 E-2 1.32450 1.9 E2 6.4
1.21359 5.3 1.7 E-2 1.32626 23 E2 7.2
1.21507 4.6 1.2 E-2 1.3230 2.7 E2 8.2
1.21654 3.9 8.0 £-2 1.32979 3.3 E2 9.3
1.21803 3.3 4,5 E-3 1.33156 39 E2 1.05
1.21951 2.8 2.6 E-3 1.33333 47 E2 1.2
1.22100 2.3 1.6 E-3 1.33511 5% E2 1.4
1.22249% 2.9 1. E-3 1.33690 8.6 E2 1.7
1.22399 1.0 E-3 1.0 E-5 1.33869 8.3 E2 1.9
1.22549 1.0 E-3 1.0 E-% 1.34028 1.1 E3J 2.2
1.22599 1.0 E-3 1.0 E-5 1.34288 1.5 E3 2.8
1.22850 1.0 E-3 1.0 E-5 1.34409 1.9 E3 3.3
1.26904 1.1 1.8 E-2 1.34550 2.6 E3J 4.1
1.27065 1.15 2. E-2 1.34771 3.5 E3 5.1
1.27226 1.2 2.3 E-2 1.349%53 46 E3 6.3
1.27389 1.3 2.6 E-2 1.38135 7. E3 8.3
1.27551 1.4 2,9 E-2 1.35318 1. E4 1.
1.27714 1.5 3.2 E-2 1.355601 14 E4 1.2
1.27877 1.6 3.5 E-2 1.35685 2.2 Ed 1.5
1.28041 1.8 4 E-2 1.35870 3.8 E4 2.
1.28205 2.1 45 E-2 1.3€054 53 E4 2.5
1.28370 2.5 5. E-2 1.36240 8.2 E4 3.1
1.28535 3. 5.6 E-2 1.36426 1.4 E5 4.1
1.28700 3.6 6.2 E-2 1.36612 2.8 Eb 5.4
1.28866 4.4 7. E-2 1.36799 43 EbH 6.8
1.29032 5.2 t. E-2 1.36986 6.8 Eb 8.3
1.29199 6.4 9. E-2 1.37174 1.1 E6 1.0
1.29366 7.4 1. E-1 1.37363 1.9 E&é6 1.2
1.26534 8.8 1.1 E-1 1.37552 29 E6 1.6
1.29702 1. E1 1.2 E-1 1.37741 45 E86 2.5
1.29870 1.2 E1 1.4 E-1 1.37931 " EB&8 2.9
1.30039 1.4 £1 1.5 E-1 1.38122 1.1 ET 4.3
1.30208 1.7T E1 1.7 E-1 1.38313 1.8 ET G.0
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WILLOW RUN LABORATORIES

TABLE 13. ABSORPTION COEFFICIENTS FOR WATER VAPOR (Continued)

S/Zmro

A 8/2nay s/d A s/d
() M)

1.38504 2.1 ET 7.4 E2 1.47710 9.9 E3J 3.5
1.38696 2.6 ET 8.7 E2 1.47929 8.5 E3 3.1
1.38889 2.8 ET 9.5 E2 1.48148 7.4 E3 2.8
1.39082 2.8 E7 9.1 E2 1.48368 6.5 E3 2.4
1.39276 2.6 ET 8.3 E2 1.48588 56 E3 2.1
1.3)470 2.4 ET 72 E2 1.48810 4.9 E3 1.9
1.39665 2.2 ET 63 E2 1.49031 4.3 E3 1.6
1.39860 1.9 ET 53 E2 1.49254 3.6 E3 1.4
1.40056 17 ET 4.2 E2 1.49477 3.1 E3 1.2
1.40252 1.4 ET 3.4 E2 1.49701 26 E3 1.
1.40449 1.25 E7 2.8 E2 1.49925 2.2 E3 8.8 E-1
1.40647 1.05 E7 2.4 E2 1.50150 19 E3 7.9 E-1
1.40845 9. E6 2.1 E2 1.50376 1.6 E3 6.9 E-1
1.41044 7.4 E6 1.9 E2 1.50602 1.3 E3 6. E-1
1.41243 6.3 E6 1.7 E2 1.50830 1.1 E3 5.3 E-1
1.41443 53 E6 1.6 E2 1.51057 9.5 F2 4.6 E-1
1.41643 45 E6 1.5 E2 1.51286 79 E2 4, E-1
1.41844 3.6 E6 1.4 E2 1.51515 75 E2 3. E-1
1.42045 3.1 ES 1.35 E 2 1.51745 7. E2 2.2 E-1
1.42248 2.6 E6 1.3 E2 1.51576 6.6 E2 1.6 E-1
1.42450 2.2 E6 1.25E 2 1.52207 6.2 E 2 1.1 E-1
1.42653 1.8 E6 1.2 E2 1.52439 5( E2 8.1 E-2
1.42857 1.5 E6 1. E2 1.52672 52 E2 6.2 E-2
1.43062 1.3 6 9.4 E1 1.52905 4.6 E2 4.8 E-2
1.43266 1.05E 6 8.6 E1 1.53139 4.1 E2 3.8 E-2
1.43472 8.6 ES5 7.8 E1 1.53374 3.55 E 2 3. E-2
1.43678 7.2 E5 7. E1 1.53610 3.3 E2 2.4 E-2
1.43885 6. E5 6.2 E1 1.53846 13 E2 2. E-2
1.44092 4.6 E5 52 E1 1.54083 5. EI 1.6 E-2
1.44300 3.9 E5 4.4 E1 1.54321 2. E1 1.4 E-2
1.44509 3.2 ES 3.5 E1 1.54560 8. 1.1 E-2
1.44718 25 E5 2.8 E1 1.54799 LI5E 1 2.17 E-2
1.44928 1.8 E5 2.4 E1l 1.55039 L1I3E 1 2.13 E-2
1.45138 1.2 E5 2. E1 1.55280 1.01E 1 1.67 E-2
1.45349 8.7 E4 1.7 E1 1.55521 8.19 1.62 E-2
1.45560 6.2 E 4 1.4 E1 1.55763 7.2 1.65 E-2
1.45773 43 E 4 1.2 E1 1.56006 7.95 1.77 E-2
1.45985 3.6 E4 9. 1.56250 9.18 (.85 E-2
1.46199 3.1 E4 8.8 1.56495 9.2 2.13 E-2
1.46413 2.7 E4 7.8 1.56740 8.89 2.45 E-2
1.46628 2.2 E4 6.9 1.56986 1.35E 1 3.46 E-2
1.46843 1.85E 4 6.1 1.57233 2.35 K 1 3.18 E-2
1.47059 1.59 E 4 5.3 1.57480 1.12E 1 1.62 E-2
1.47275 1.36 E 4 4.6 1.57729 1.55 E 1 1.98 E-2
1.47493 1.17E 4 4, 1.57978 5.99 1.57 E-2
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112

TABLE 13. ABSORPTION COEFFICIENTS FOR WATER VAPQR. (Continued)

N S/2m6 §/d A S/anab s/d
T T fu)
1.58228 9.99 2.72 E-2 1.70358 1.2 E3 1.9 E-2
1.58479 £.92 2.37 E-2 1.70648 7.8 E3 2.2 E-2
1.58730 5.25 1.51 E-2 1.70940 8.8 E3 2.5 E-2
1.58983 £.27 1.42 E-2 1.71233 9.2 E3 3. E-2
1.59236 7.66 1.66 E-2 1.71527 9.3 E3 3.5 E-2
1.59490 7.1 1.49 E-2 1.71821 9.2 E3 4.1 E-2
1,59744 5.75 i.11 E-2 1.72117 9. E3 4.7 E-2
1.60000 138 E1 2.25 E-2 1.72414 7.2 E3 5.4 E-2
1.60256 153 E1 2.35 E-2 1.72712 5.8 E3 6.3 E-2
1.60514 6.29 1.08 E-2 1.73010 4.8 E32 7.2 E-2
1.G60772 4.66 7.5 E-1 1.733%0 4 E3 2.2 E-2
1.61031 6.57 1.08 E-2 1.73611 3.2 E2 9.5 E-2
1.61290 €.47 9.75 E-1 1.73913 26 E3 1.1 E-1
1.61551 5.28 7.64 E-1 1.74216 2.4 E3 1.3 E-1
1.61812 4.24 6.18 E-1 1.74520 2 E3 1.5 E-1
1.62075 4.41 6.44 E-1 1.74825 1.78 E3 1.7 E-1
1.62338 1.72 E 1 1.88 E-2 1.75131 1.5 E3 1.9 E-1
1.62602 2.25E1 1.92 E-2 1.75439 15 K3 2.2 E-1
1.62866 1.56 E 1 1.2 E-2 1.75947 1.5 E3 2.5 E-1
1.63132 5.45 5.08 E-1 1.76056 1.5 E3 2.9 E-1
1.6329¢% 4.41 3.95 E-1 1.76367 1.46 E3 3.4 E-1
1.636¢6 3.97 3.89 E-1 1.76678 1.2 E2 3.7 E-1
1.63834 1.44 431 E-1 1.76991 136 E3 4.8 E-i
1.64204 1.B4 E 1 1.43 E-2 1.77305 135 E3 5. E-1
1.64474 2.42 E1 1.41 E-2 1.77620 132 E3 5.8 E-1
1.64745 3.11 2.35 E-1 1.77936 1.3 E3 6.7 E-1
1.65017 3.67 2.98 E-1 1.78253 13 E3 8. E-1
1.65289 1.29 E1 1.07 E-2 1.78571 135 E3 9.3 E-1
1.65563 1.82E1 1.3 E-2 1.78891 1.45 E 3 1.1
1.65837 2.9 E1 2.4 E-2 1.79211 1.6 E3 1.2
1.66113 3.02E1 2.13 E-2 1.79533 1.7 E3 1.4
1.66389 1L11 E1 6.88 E-1 1.579856 2. E3 1.7
1.66667 3. 2.53 E-1 1.80180 2.5 E3 2.1
1.66945 4.19 3.13 E-1 1.80505 3.1 E3 2.6
1.67224 4.61 3.79 F-1 1.80832 3.8 E3 3.2
1.67504 7.79 5.48 E-1 1.81159 49 E3 4.2
1.67785 1.24 E 1 8.36 E-1 1.81488 6.1 E3 5.6
1.68067 1.29 E1 8.48 E-1 1.81818 9. E3 1.
1.68350 106 E1 7.87 E-1 1.82149 1.04 E 4 9.
1.68634 8.05 6.44 E-1 1.82482 2.1 E4 1.2 E1
1.68919 8.08 6.31 E-1 1.82815 3.3 E¢4 1.6 E1
1.69205 6.74 5.57 E-1 1.83150 43 E 4 23 E1
1.69492 1 1.2 E-1 1.33486 6.4 E4 3.2 E1i
1.69779 4. E1 1.4 E-2 1.83824 8.6 E4 4.7 E1
1.70068 22 w2 1€ E-2 1.84162 1.2 k4 8.6 E1
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TABLE 13. ABSORPTION COEFFICIENTS FOR WATER VAPOR {Continued)

A S/Znag s/d . ?/21700 s/d
73] ()
1.84502 1.8 E5 16 E2 2,01207 5. E2 3.9 E-1
1.84843 2.5 E5 2.8 E2 2.01613 42 E2 3.3 E-1
1.85185 3.3 E5 2.5 E2 2.02020 3. E2 2.8 E-1
1.85529 4.5 E5 2. E:z 2.02429 215E2 2,3 E-1
1.85874 6.5 E5 17 E2 2.02840 16 E2 2.0 E-1
. 1.86220 8 ES5 13 E2 2.03252 1.LI5E 2 1.7 ®-1
1.86567 9.2 ES5 1.1 E2 2.03666 85 E1 1.4 E-1
1.86916 1. Eé 12 E?2 2.04082 6.8 E1 1.2 E-1
. 1.87266 1.08E6 1.4 E2 2.04499 %3 E1 9.8 E-2
1.87617 1.15E6 18 E2 2.04918 3.8 E1 8. E-2
1.87970 1.16 E6 2.2 E2 2.05339 27 E1 6.6 E-2
1.88324 116 E6 23 E2 2.05761 1.8 E1 5.8 E-2
1.88672 1.12E6 2. E2 2.06186 1.25 E1 59 E-2
1.89036 1.05 % 6 1.7 E2 2.06612 8.6 6.1 E-2
1.89394 9.2 ES5 1.1 E2 2.07039 6. 6.5 E-2
1.89753 75 ES5 8. E1 2.07469 4. 7. E-2
1.90114 49 E5 7.5 E1 2.07900 2.8 7.2 E-2
1.90476 365E5 7.9 El 2.083533 1.9 6.6 E-2
1.90840 3.15F5 1.1 E2 2.08768 1.3 52 E-2
1.91205 2.7 ES5 1.3 E?2 2.09205 9. E-1 3.7 E-2
1.91571 2.55E5 15 E2 2.09¢44 6.5 E-i 26 E-2
1.91939 2.35E5 1.65 E 2 2.10084 4.5 E-1 1.7 E-2
1.92308 2.24ES5 1715 E 2 2.10526 3.2 E-1 1.08 E-2
1.92676 2.2 E5 1.75E 2 2,10870 1.0 E-3 1.0 E-5
1.93050 2.1 E5 13 E2 2.11416 1.0 E-3 1L.¢ E-5
1.93424 2. ES5 1.9 E2 2.11864 1.0 E-3 1.0 E-5
1.93798 1.83E5 1.9 E2 2.12314 1.0 E-3 1.0 E-5
1.94175 1.7 E5 1.6 E2 2.12766 57 E1 3.43 E-2
1.94553 145E5 1.1 E2 2.13220 1.7 E1 1.03 E-2
1.94932 1.24E5 8. E1 2.13€75 1.4TE 1 1.23 E-2
1.95313 1.02E5 58 E1 2.14133 4.49 E 2 1.24 E-1
1.95695 8.6 E4 4, E1 2.14592 554 E 2 1.59 E-1
N 1.96078 6.6 E4 28 E1 2.15054 1.9 E 2 4,33 E-2
1.96464 45 E4 2.1 E1 2.15517 1.48E1 124 E-2
1.96850 28 E4 1.2 E1 2.15983 2.4 F 1 1.58 E-2
1.97239 1.8 E4 7.5 2,16450 1.36 E 1 1.14 E-2
1.97628 1.OT E 4 5.2 2.16920 432 E4 9.7 E-1
1.98020 8§17 E3 3.5 2.17391 291 E2 7.42 E.2
1.98413 4, ES3 2.4 2.17865 6.34 6 E-1
1.98807 26 E3 1.6 2.18341 6.55 6.59 E-1
i.99203 1.6 E3 1.2 2.18818 1.36 E 2 6.2 E-2
1.99601 1.1 E3 9.5 E-1 2.19298 1.31 E2 6.96 E-2
2.00000 9.2 E2 7.5 E-1 2.19780 1.27TE?2 9.07 E-2
2.00401 6 E2 6. E-1 2.20264 1.76E 2 1.64 E-1
2.00803 6.2 E2 46 E-1 2.20751 2.62 E2 1.3 E-1

13




4.38
2.53
6.65

439 E2
484 E 2
5.11E 4
232 E4
2.11E4
392 E4

(1)
2.45700
2.40305
2.4697
2.4749
2.4502
2.4832

S/d

2,6 E-1

1.66 E-1
1.26 E-1
1.74 E-1
2.48 E-1
1.98 E-1

WIilLLOW RUN LABORATORIES

S/21rab
1.51 E2
2.64 E2
3718 E2
276 F 2
.06 E2

TABLE 13. ABSORPTION COEFFICIENTS FOR WATER VAPGR (Continued)
1.67TE 2

2.21239
2.21729
2 22222
2.22111
2,23214
2,23714
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WILLOW RUN LABORATORIES

TABLE 13. ABSORPTION COEFFICIENTS FOR WATER VAPCR (Continued)
A s/ 2m6 s/d N s/ 21:&6

s/d
{u) (M)

2.6969 434 E 4 1.4TE2 2.9507 5.4 E 4 121 E1
2.7027 483 E4 131 E2 2.89551 1.72E 4 1.18E1
2.708¢€ 3.05E 4 249 E2 2.9612 2.4TE3 2.32
2.7137 1.2 ES5 213 E 2 2.9718 1.24 E 4 1.57E1
2.7211 309 ES 579 E2 2.9782 213 E4 13.E1
2.7322 7.18E 4 1.24 E 2 2.9895 6.2TE3 2.09
2.7397 2,02EH5 4.95 E 2 2.9940 1.63 E 4 8.18
2.7473 6.15 E 4 1.39E 2 3.0030 3. E4 6.85
2.7548 6.89 E 4 2.T8E2 3.0075 83TE4 g8.01
2.7979 1.1 ES 212E2 3.0139 1.5 E4 4.74
2.7609 152 ES 2.86 E 2 3.0211 992 E3 1.12E 1
2.7663 6.69 E 4 294E 2 3.0248 5.22E 4 .72
2.7685 6.64 E 4 2.5 E2 3.0303 1.49 E 4 8.14
2.7739 6.46 E 4 1.71E 2 3.0358 8.65 E3 9.81
2.7778 7.2 E4 19 E2 3.0395 2.45E 4 8.43
2.7801 7.63 E4 1.8 E2 3.0441 239E4 1.01E1
2.7855 8.46 E 4 23 E2 3.0488 1.7MTE4 16t E1
2.7917 6.2TE 4 1.1 E 2 3.0534 3.21E4 7.6
2.7941 49T E 4 8.T4E1 3.0600 1.94 E4 8.28
2.8027 132 E5 255E2 3.0695 1.1I9E 4 9.68
2.8129 1.15ES 1. E2 3.0722 448 E 4 7.19
2.8153 9.1TE 4 1.05 E2 3.0779 2.19E4 1.28E 1
2.8177 923 E4 136 E 2 3.0386 1.05 E 4 7.03
2.8241 13 ES 8.1TE1 3.0883 7.01E3 8.86
2.8281 9.38 F 4 6.12E1 3.0941 3.13E 4 8.63
2.8345 6. E4 1.0TE 2 3.0989 49 E3 £.25
2.8433 6.24 E4 3J74E1 3.1075 1.66 E 4 .86
2.8514 574 E4 6. E1 3.1162 1L1I5ES 6.43
2.8555 6.BB E 4 80 E1 3.1211 1.44 E 4 9.78
2.8620 .4 E4 3BTE1 3.125 9.55 E3 8.12
2.5686 9.2 E4 2.83E2 3.1299 2.48E3 2.2
2.8752 1.8 E4 1.5 E1 3.1348 1L4TE3 1.42
2.8777 16 E4 149 E1 3.1397 938 E3 7.87
2.8810 198 E4 1.5 E1 3.1447 T25E3 7.1
2.8860 T93 E3 1.54 E1 3.1496 3.94E3 4.28
2.8944 8.93 E3 5.91 3.1546 8.14E2 9.24 E-1
2.9028 57 E4 3.9 E1 3.1596 23 E2 4.57 E-1
2.9104 1.L13E 4 8.03 3.1648 1.26 E2 2.7 E-1
2.9146 1.0" E 4 8.73 3.16986 1.02 E 2 2.29 E-1
2.9163 155 E4 8.16 3.1746 33 E2 4.26 E-1
2.9240 248 E4 2.6 E? 3.1797 1.31 E3 1.30
2.9308 492 E3 4,14 3.1847 1.28E3 1.56
2.932¢ 9.71E3 3.81 3.1898 8.01E3 7.34
2.9412 €€l E3 7.17 2.1949 1.38 F 4 1.1 K1
2.9481 3.02E 4 156 E1 3.2 769 E3 1.1 E1l

115




WILLOW RUN LABORATORIES

TABLE 13. ABSORPTION COEFFICIENTS FOR WATFR VAPOR (Continued)

] $/2na; » A S/2nag s/a
[m B - (i)
3.2051 B.07T E 3 1. EI1 3.4542 9.16E 1 1.72 E-1
3.2103 1.1 E4 120 E 1 3.4602 526 E 1 1.13 E-1
3.2154 1. E4 1.11 E1 3.4662 BIGEIL 1.11 E-1
3.2206 1.0TE 4 1.29 E 1 3.4722 1.6 E2 2.28 E-1
3.2258 7.96 E3 1.45E 1 3.4783 5.21E1 1.19 E-1
3.2319 6.42 E3 1.L11E1 2.4843 JE1E1 5.31 E-2
3.2362 5.26 E 2 B.78 E-1 3.4904 446 E 1 B.0S E-2
3.2415 B.41 E3 4.87 3.4965 735E1 1.12 E-1
3.2468 1.4 E4 1.O2E1 3.5026 7T.05E1 9.14 E-2
3.2520 5.07TE2 .47 E-1 3.5080 JBIE1 8.84 E-2
3.2573 9.14 E3 4.35 3.5149 3.52E1 8.62 E-2
3.2626 4.61 E 4 1.5 E1 3.92i1 47T E1 1.29 E-1
3.2680 46T E 3 3.32 3.5273 5.23E 1 8.3 E-2
3.2733 4,15 E2 6.4 E-1 3.5336 54 E1 8.39 E-2
3.27817 1.07T E3 1.21 3.5398 527TE 1 8.38 E-2
3.2840 582 E2 6.47 E-1 3.5161 38 E 1] 5,25 E-2
3.2895 3.61E2 1.94 3.5524 6.22E1 1.49 E-1
3.2949 1.59 E 4 1.4 E 1 3.5587 483 E1 7.63 E-2
3.3003 8.BBE?Z 8.47 3.5651 2,31 E! 4.39 E-2
3.3058 464 E3J 5.16 3.5'14 5431 E1 1.55 E-1
3.3113 409 E3 3.83 3.5778 7.1 E1 1.3 E-1
3.3167 3.B6 E2 2.01 3.5842 783 E1 1.14 E-1
3.223 1.56 E 3 1.37 3.5907 127 E2 1.9 E-1
3.3278 9.1 E1 1.71 E-1 3.5971 3.7T E1 3.28 -2
3.3333 6.1 E1 1.09 E-1 3.6036 46 E1 4.26 E-2
3.3389 5.056 E 2 4.56 E-1 3.6101 467TE1 7.68 E-2
3.3445 2.1 E3 1.87 J.6166 262E1 3.83 E-2
3.2500 1.6T E2 2.88 E-1 3.6232 436 E 1 3.47 E-2
3.3557 505E2 5.6 E-1 3.6298 541 E1 5.92 E-2
3.3613 9.43 E3 5.3 3.6364 406 E1 4.99 E-2
3.367 1.L15E3 1.12 3.6430 283E1 3.82 E-2
3.3727 1.9 E3 1.13 3.6496 3.14E1 5.97 E-2
2.3784 131 E 2 2.02 k-1 3.6563 3.65E1 4.7 E-2
3.3841 1.22 E3 B.97 E-1 3.€630 6.29E1 5.57 E-2
3.3898 222 E3 1.79 3.6697 2.02E2 3.78 E-1
3.3956 2.15E3 1.73 3.6765 1.0TE 2 3.92 E-1
3.4014 1.64 E2 2.48 E-1 3.6832 4,1BE 1 1.42 E-1
3.4072 1.3 E2 1.68 E-1 3.69 2.24E1 8.36 E-2
3.4130 1.05 E3 8.31 E-1 3.6969 1.73E1 5.33 E-2
3.4188 B.B4E1 7.17 E-1 3.7037 259E1 3.54 E-2
3.4247 24 E2 3.32 E-1 2.7106 403 E1 5.58 E-2
3.4305 1.33 E 2 2,03 E-1 3.7175 J.11E1 3.93 E-2
3.4364 1.98 E 2 3.06 E-1 3.7244 JT4E1 2.32 E-2
3.4423 5.51E 2 5.29 E-1 3.7314 5.99E1 6.8 E-2
3.44B3 1.59 E 2 2.09 E-1 3.7383 426 E1 5.1 E-2
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1.23 E 2
5.T6E1
492 E 1
389 E1
439 E1

TABLE 13. ABSORPTION COEFFICIENTS FOR WATER VAPOR
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WILLOW RUM LABORATORIES

TABLE 13. ABSORPTION COEFFICIENTS FOR WATER VAPOR (Continued)

8/ 21;00

AT

5/d

s/d

)

m

464E 4
411 E 4
J.02E3
g.81 E2
2.02E3

4.950
4.9u63
4.975
4.986

5.92 E-1

235E2
6.T4E2
1.37E3
B.19E2
5.4E 2

4.608
4.618
4.629
4.640
4.651
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WILLOW RUN LABORATORIES

3.7.3. MINOR CONSTITUENTS (N20, CH4_, and CO). Oppel made empirlcal fits to tle data
of Burch [1]to devclop transml:sivity functlons for N20. CH4, and CO, The procedures in-
volved in performlng the emplrlcal flts and calculating absorptlon are the same as used for

H20 ami 002. The resultlng frequency -dependent parameters are glven in tables 14, 15, and
16.

For N20, absorptlon is given by the Eisasser modei (eqs. 86-38) and the parameters are
given for the spectral region from 4.367 to 4.739 u.

For CH 4 and CO, absorptlon is deflned by the statistical model {egs. 89-91) and the param-
eters are detflned from 3.0248 to 4.158 u for CH‘1 and from 4.405 to 5.9 ;. for CO.

The foregolng methods for computing atmospheric slant-path absorption ailows for the
determination of spectira of extremely high resolution compared to the oiher methods disrussed
in this section. This primarily caused by the fact that Oppel’s empiri:al :its were based on
the most recent laboratory data and the empirical procedures were such that a smoothing pro-
cess was not used and therefore the spectral character, observable in t.e laboratory duta, was
retained.

3.8. METHOD OF W. R. BRADFORD

Bradford [55] made an emplrical flt of the Elsasscr band- model equations 10 the {abora-
tory data of Bradford, McCormick, and Selby [56] for the 4.3-p1 Co2 absorptlon band. Since
the method employed by Bradford to determine the frequency-dcpendent parameters is analogous
to that descrlbed in section 2.3 it will not be discussed in this section. The band-model equa-

tions and frequency-dependent parameters are exactly those used by Oppel: hence. absorptlon 1s
given by

Y
A = sinh Bf IO(Y)(-Y rosh §) dY (o0
0

or the strong- or weak-llne approximations, respectively,

, 1/2
A =erf l}-zm—os- WI] (93)
2 2
d
A =1 -exp(-8/dW) (94)

The frequency-dependent parameters Znaold and S/‘zr:ao are glven in table 17 for the wave-

length range from 4.184 to 4.454 p with entries every 5 cm'l. The resolution is on the vrder

of 20 cm'l. It 1s emphasized that the parameters Znao/d and S/2nao ilsted In the table are not

N9

RPr YN

b e




120

WILLOW RUN LABRORATORIES

TABLE 14. ABSORPTION COEFFICIENTS FOR

NITROUS OXIDE FOR THE 4.3- BAND

5/d

0.0
0.0495
0.123
0.390
0.726

1.18

1.98
26.5
47.0
414

30.0
26.9
19.4
15.2
20.1

20,9
28.3
30.7
13.%
7.95

4.96
3.51
.29
0.825
0.211

0,245
0,175
9.94 E-2
5.15 E-2
348 E-2

2.54 -2
-2

O - NWLWD oW

2nabs /d

0.0

248E-8
8.62K 8
4.5 E-5
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52 E2
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1.47 E2

3.46G72
3.4130
3.4188
3.4247
3.4205
3.4364
3.4423
3.4483
3.4542
3.4802
3.4662
3.4722
3.4783
3.4843

3.4904
3.4965
3.5026
3.5088
3.5149
3.5211

3.5273

3.5336
3.5398

3.5461

7.2 E-1
7.38 E-1

2.8 E3

3.2154
3.2206
3.2258
3.2210
3.2362
3.2415
3.2488
3.2520
3.2573
3.2626
3.2680
3.2733

3.2787

3.2840
3.2895
3.2949
3.3003

3.3058
3.3113

3.3167

3.3223

3.3278

3.3333

3.3389

3.3445

3.3500
3.3557

3.3613

3.367

E-1

3.0303
3.0358
3.0395
3.0441
3.0488

3.0

E-1

1.9

298 E3

E-3

5.

1.05 E-2

2.88 E3

E-3

E-1

5.

8.66 E-2

25 F1

7.59 E-1

2.78E3

E-3

1.

[ —
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218 E3

E-3

5.

&3]

1.3

3.24E3

34

7.071 E-2

1.5 E1
13 E1
1.05

9.

3.6 E3
392 E3

E-2

0]

4.

3.0600
3.0675
3.0722
3.¢779
3.0835
3.0883
3.0941
3.0989
3.1075
3.1162
3.1z2n
3.125
3.1299
3.1348
3.1397
3.1447
3.1496
3.1546
3.1596
3.1646
3.1696
3.1746
3.1797
3.1847
3.1898
3.1949
3.2

6.52 E-2

7.8 E-1
7.55 E-1

E-2
1.2 E-2
1.3 E-2
1.4 E-2
1.5 E-2

0]

6.01 E-2

11

326 E3

1.1 E2
13 E2
1.5

2.

5.35 E-2

6.75 E-1

2.6 E3
222 E2

4.25 E-2

7.3
5.8

5.5 E-1
4.4 E-1

4.15 °-1

E2

3.3 E-2
3.59 E-2

1.8 E3
1.36 E3

1.

E 2

4.85
4.2

E

2.5
3.2

2.24 E-2

4.05 E-1

E 2
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3.75
3.4
3.3
3.5
3.8

4.3

1.6 E-2 25 E2 4.07 E-1

1.7 E-2
1.8 E-2

3.7 E2

5.75 E-1

E2

4,

E2

4,

7.5 E-1
9.55 E-1

E2
1.01E3

T.

2,16 E-2

E-2

2.1 E-2
2.3 E-2
2.5 E-2
2.6 E-2

2.35 E-2

E-1

E2
4.2 E2
22 E2

o

2.56 E-2

5.

2.63 E-2

75

5.

3.25 E-1

E2

1.

T

e
[ R

6.9
6.9

2.3 E-1
3.25 E-1
3.8

E 2

E1l

o
2.

E2
8.15 E2

-

€3]

6.45
6.

E-1

.

0

2.

2.6 E-2

5524
3.5587
3.5651
3.5714
3.5778
3.5842
3.5907
3.5971
3.8038
3.6101

4.01 E-1 Te

6.8 E2
8.35 E2

4.8 E-2
6.7 E-2

E1l

4.

5.5

4.1 E-1
4.1 E-1

4.05 E-1

4.

E1l

7.

5.15
4.8

7.7 E2
T15 E2

1.25 E 2

2.17 E-2

1.32 E-1
2.5 E-1

3.45 E-1

1.8 E2

1.

E-2

4.5

6.5 E2
58 E2
54 E2

2.7

E3

4.25
4.1

3.92 E-1

3.3727
2.3784
3.3841
3.3898
3.2956

1.75E3
2.2 E3

245 E3

3.83 E-1

4.36 E-1

4.18
4.35
4.6

3.75 E-1
3.65 E-1

E2
6.1 E2
8.65 E2

5.9 E-1

5.27 E-1
6.45 E-1

2.64E3

3.55 E-1

2.8 E3

3.2051

arw i




8.1 E-1

3.9761
3.9841
3.9920

4.008

E-3

5.55 E-3
5.07 E-3
4.93 E-3
5.55 E-3

3.75
3.55
2.75

3.6
2.34

3.7879
3.7951
3.8023
3.8085

TABLE 15. ABSORPTION COEFFICIENTS FOR METHANE (Continued)
3.8168

1.15 E-2

1.31 E-2
1.18 E-2
1.09 E-2
1.05 E-2

S/ 25a
4.15
4.8
4,83

4.8
4.55

3.6166
3.6232
3.6298
3.6364
2.6430
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— WILLOW RUN LABORATORIES

TABLE 168, ABSCRPTION COEFFICIENT FOR CARBON MONOXIDE

2 E{zitq s/d \ S/2nay sd

(u) Ly -
4.405 1. E1 1. E-2 4.711 101 E4 2.45
4.415 2. E! 2. E-2 4,728 107 E 4 2.53
4.425 4. E1 4, E-2 4,733 105E4 2.4
4.435 6. EI1 6. E-2 4,741 1. E4 2.2
4.444 8. EI1 9 E-2 4,752 I5E3 2.
4.4%4 1. E2 1.2 E-1 4.713 8. E3 1.66
4.464 12 E2 1.6 E-1 4.785 6.5 E3 1.37
4.474 14 E2 2.2 E-1 4.796 51 E3 1.12
4.434 2. E2 2.7 E-1 4.308 4, E3 8.8 E-1
4.494 36 E2 33 E-1 4,819 29 E3 7.1 E-1
4.505 §. E2 4, E-1 4.831 23 E3 5.3 E-1
4,515 2.1 E3 5.5 E-1 4.843 1.6 E3 3.1 E-1
4.525 48 E3 7.3 E-1 4.854 1.3 E3 2.7 E-1
4.535 64 E3 1.1 4,866 8.4 E2 2.2 E-1
4.545 8.4 E3 1.5 4.878 57T E2 1.6 E-1
4,556 9.5 E3 2.1 4,889 33 E2 1.1 E-1
4.566 1.05E 4 2.83 4,902 2. E2 7. E-2
4.576 1.15E 4 3. 4.914 1.62E2 5. E-2
4.587 126 E ¢ 3.26 4,926 149K 2 45 E-2
4.598 1.36 E 4 3.4 4.238 138 E2 4, E-2
4.608 14 E 4 3.45 4,950 13 E2 3.5 E-2
4.618 1.3 E 4 5.36 4.963 1.23E2 3. E-2
4.629 107TE 4 3.03 4,975 1.1TE2 3. E-2
4.640 3.3 E3 2.26 4.986 1.12E2 2.5 E-2
4.651 58 E3 1.53 5. 109E 2 2. E-2
4.662 43 E3 9.7 E-1
4,673 3.6 E3 1.25
4.684 48 E 3 1.52
4.695 63SE 3 1.63
4,706 8.30E3 2.14
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A
{u)
4.184
4,193
4.202
4.211
4.219

4,228
4.237
4,246
4.255
4.264

4.274
4.283
4.292
4.3M
4.310

4.319
4.329
4.338
4.348
4.357

4.367
4.376
4.386
4.396
4.405

4.415
4.425
4.435
4.444
4.454

TABL

1

v/(em™")

2390
2385
2380
2375
2370

2365
2360
2355
2350
2345

2340
2335
2330
2325
2320

2315
2310
2305
2300
2295

2290
2285
2280
2275
2270

2265
2260
2255
2250
2245

WitkOW RUN LABORATORIES

FOR THE 4.3-u BAND

2na0/d

—

1,380
0.560
0.580
0.610
0.880

1.140
1.180
1.220
1.280
1.200

1.080
1,030
0.920
1.110
0.960

1.900
1.000
1,100
1.020
1.100

0.980
0.990
0.630
0.420
0.380

0.330
0.365
0.520
0.700
0.770

s/2 na,

———

0.072

1,750

8.700
24.0
31.0

29.5
28.5
21,0
10.5
19.3

24,0
24,0
22,5
15.3
12.7

7.30
5.00
2.865
1.98
1.18

0.70
0.38
0.73
145
1.55

1.70
1.05
0.48
0.265
0.112

E 17. BAND PARAMETERS FOR CARBON DIOXIDE

: 2
Zmos/d

1.804 E-4
7.221 E-

3.851 E-3
1175 E-2
3.159 E-2

5.045 E-2
5.222 E-2
4.113 E-2
2,263 E-2
3.657TE-2

3.683 F-2
3.350 E-2
2.508 E-2
2436 E-2
1540 E-2

9.605 E-3
6.5T9E .3
4.220 E-3
2710 E-3
1.379 E-3

6.846 E-4
4.900 E-4
3.812 E-4
3.366 E-4
2,945 E-4

2,436 E-4
1.840 E-4
1,710 E-4
1,710 E-4
8.737 E-5
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values per unit pressure; hence, the prime (') has been deleted from the half-width term, ay:
To obtaln the necessary parameters fcr equatlon 92 simply .\ivide by sea-level pressure PO'
For the spectral region from 4.184 to 4.454 1, the methods of Oppel and Bradford are basl-
cally the same. The same equatlons were used and the parameters are defined for exactly the
same wavelengths. The vaiues are slightly different for the two authors, however, which un-

doubtedly 1esulted from the fact tnat dlfferent collections of laboratory data were used ln per-
formlng the empirlcal flts.

3.9. METHOD OF A. E. S. GREEN, C. S§. LINDENMEYER, AND M. GRIGCS

A. E. 8. Green, C. S. Lindenmeyer. azd M. Griggs have pursued the problem of developing
methods for calculating atmospheric molecular absorption. The results of their efforts are
published in three reports [57-59],

Basically iheir work consisted of empirlcally fittlng the strong-llne approximatlon to the
stai.ctlcal model to iaboratory homogeneous absorption spectra In order te ubtaln transmissivity
20, C02, 03, Nzoi
CO, and CH4. The transmissivity functions are glven as functlons of the equivalent sea-level

functlons which define the spectral absorption for the atmospherlc gases, H

path, W*, and two wavelengtl-dependent parameters We and 1o Speciflealiy,

*\7
T = exp - (%—) (95)
e

where We is the quantity of absorber at 740 mm Hg and 300°K correspondlng to a transmission
of T=¢e l. This function defines the transmlsslon for all six absorblng species.

The method employed by Green et al. {57} to determine the frequency-dependent parameters
We and n was as follows. Consider x4 sample of laboratory data taken from the work of Burch
shown in {lgure 39. Each curve represents the absorption as a function of wavelength for a
homogeneous path at 300°K for some absorber concentration W and soine equlvalent pressure
Pe. Each value of W is reduced to an absorber concentration at standard pressure W* by the
expressloa

For eaci waveiength throughout the interval the curves define several values of transmisslon
Tl’ '1'2, C e Tn' each corresponding to a vaiue of W*. These transmlsslon data were plotted
ucing graph paper in which the ordinate wzs fn (-¢n T) and the absclssa was fn W*. The re-
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WILLOW RUN LABORATORIES

sulting data points define « straight line whose siope is % and abscissa intercept is We. _Five
such curves are shown in figure 40. The case illustrated is for the 2.7-u CO2 band. Each iine
defines We and 1 for one wav2iength. This process was repeated at approximateiy every 0.01 pu
throughout the absorption band to obtain a piot of We versus waveiength,

This procedure was repeated for each absorption band and each absorbing gas for the
wavelength region from 1.0 to 10.0 p. The values of we and 1 2t 740 mm Hg and 300K are
given in figure 41I. The values of We for the same pressure and temperature are also given in
table 18, Tabie i9 is a listing of the laboratory data which were used for the various gases and
absorption bands to determine the vatues of We and 7.

To apply the method of Green et al. [57], one need simpiy determine, for a given slant path,
the value of W* for each absorbing gas as cutlined in section 2.4.3. The vaiues of transmission
can then be computed for each gas using equation 95 and the vaiues of We and 7. The final value
of transmission for a given wavelength would then be the product of the transmission of each of
the absorbing gases.

Noting figure 41, one may observe that the curves of We versus wavelength are presented
on a very compressed scale, limiting the accuracy vsith which one can determine the value of
wavelength which corresponds to a given value of W e The data given in table 18 were compiled

from these curves; hence the above inaccuracies are inherent in these data also,

In an effort to increase the accuracy of the original work of Green et al. [57], J. A. Rowe
[60] of the Aerospace Corporation replotted the criginal data of We versus wavelength on a
highly expandec scale. Some adjustments in the We values were made based on other sources
of absorption spectra than those given in table 19. The exact sources of data used by Rowe and
the specific reasons for modifying the results of the initial empirical fit made by Green et al.
are not known at the present time. Rowe's modifications of Greens original work wiil be given

in an Aerospace report which is to be published in the near future.

3.10. METHOD OF R. 0. CARPENTER

R. O. Carpenter [61] developed a method for caiculating the em:ssion from CO2 at elevated
temperature for the 4.3-u absorption band. His method is based on the Elsasser band model,
hut the frequency-dependent parameters were caiculated from theory rather than being deter-
mined from laboratory data using empirical procedures. Even though Carpenter's method

was developed for predicting high-teriperature CQ, emission, it is directiy applicable to at-

2
mospheric siant-path problems,
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TABLE 18. VALUES OF We (Continued)

=
[X)
o

)

=Mk B®
= &

[y
= WNEOO OW

5,000
30,000

27,000
16,500
8,800
3,900
3,050

2,200
1,.50
540
200

0.92
0.058
0.084
0.0088
0.0115

0.0033
0.01
0.0034
0.085
0.003

10,000

0.6

0.025
0.054
0.036

0.12
1.8

200
600
1,300

1,900
3,300
10,400
2,500
740

1,200
1,700
14,000
4,500
1,300

20
35

4.3
13.4
20

%0 N %

22
8
8
10
1.7
10
8
10
20

1

0.035

0.0425

0.037

0.£6
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7.775
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TABLE 18. VALUES OF W.a (Continued)
N.O

0.005
0.002
0.0046
0.0025
0.0033

0.0025
0.03
0.0058
0.02
0.005

0.08
0.023
0.042
0,01
0.08

0.021
0.08
0.046
0.08
0,047

0.3

0.115
0.044
0.076
0.325

0.080
0.23
1.0
1.0
0.4
0.98
0.58
0.25

1.0

1.7

1.85

2.8

7.6
19
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10.22
10.5

TABLE 18, VALUES OF We {Continued)

Hzo CC)2 co NZO CH

— e

"

48
T4
L1
115
140

170
200
240
470
660

1,600
5,500

(2]

1.5

0.062
0.011
0.022

0.035
0.0125
0.015
0.042
0.098

2.7
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TABLE 19. LABORATORY DATA USED TO DETERMINE
VALUES OF W_ AND 7

Molecule

N20

N20
CH,
CH
co
CO2
C(J2
Co,
Co,
CO2
H20
H20

H20

4

H20

H20

|)3

134

Band
(1)

4.4-4.6
7.5-8.0
3.15-3.45
7.25-8.15
4.5-4.85
4.1-4.65
2,66-2.84
1,93.2,09
1.55-1.65
1.4-1.47
1,03-1.24
1,24-1.61
1.61-2.16

2.16-3.90
4.40-10.0

9.3-10.2

Reference

Burch et al. [1]
Burch et al.
Burch et al.
Burch et al.
Burch et al.
Burch et al.
Burch et al,
Howard et al. [30]
Howard et al.
Howard et al.
Howard et al.
Howard et al.,

Howard et al. and
Burch et al.

Howard et al.

Howard et al. and
Burch et al,

Walshaw [34]

0.54
0.48
0.56
0.46
0.47
0.
0.56
0.5
0.5
0.5
0.5
0.5

0.53
0.54

0.5
0.5
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Recall lhat 1he transmission averaged over one period of 2 regular Elsarser band under
conditions of strong-lire absorption is glven by

1/2
Te1-ert "—"2-§w (96)
d

The most common procedure followed at this polnt was to empirically fit this funclion 10 labora-
tory d.ta to evaluate the frequency-dependent parameter mS/dz. Carpenter chose to evaluate
this quantily from theoretical considerations for homogeneous paths at 280%K and 740 mm Hg.
Therefore, the W in equation 96 becomes W* and the half-width becomes g
For hom¢ zeneous paths at standard conditions the half-width, line spacing, and integrated
intensity do nat vary from point to point along lhe path. Further, !or a regular band the half-
width and line spacing are independent of frequency. Basically, Carpenter found it necessary
only lo determine the variation of the integrated intensity frcm period to period throughout the
band. This was accomplished by using both lheory and experimental results. With all param-
eters specified, Carpenter calculated the transmission for several homogeneous paths. Hls
results are shown in figure 42. Each curve represents lhe transmission for a given absorbe:

concentration where 1 gm/ cm2 equals 509 atm cm of CO,_. Since these curves were calculated

g
from equalion 96 after first determining the spectral coefficient mos/dz, each of the curves

should define the same generalized absorption coefficient which could be used to calculate the
absorption for any value of W'. This is not the case, however, and the reasons for this incon-

sistency between curves is not known. For example, at 2273 cm'1 we have

T, = 0.13 for W* =5.09

1
T, =0.54 for W* = 0509
T, = 0.39 for W* = 0.0509

Applying t' _se values to equation 96, we have (naos/dz) =0.229, (HGOS/iz) ={.216, and
1 2

(mos/iz)a = 0,190, which is a spread in the data of spproxirately 20%. Because of the incon-
sistency in'the data, no single curve should be used to specify the absorption coefficients. In
order that the results obtained by Carpenter's method could be compared with other authors, a
set of coefficients was determined for 21 discrete wavelengths by making a best fit 1o lhe data
in a least-sqQuures sense, The results of this effort are given in table 20. These coefficients
in conjunction with the function 7 = 1 - erf {[c(n)w*]l/ 2

tion for the 4.3-p L‘Uz band.

} define a melhod for computing absorp-
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TABLE 20, ABSORPTION COEFFICIENTS
FOR CARBON DIOX™DE

Absorption Coelficient

A Cin)
[{n)]
4,167 0.159 E-2
4,184 0.631 E-2
4,202 0.527
4.219 15,108
4,228 21,820
4,237 25.036
4,248 15.890
4.255 10,738
4.264 14.153
4,283 18,813
4.301 15,487
4,320 5.238
4,348 2,268
4.367 0.648
4,386 0.102
4.405 0.159
4,425 0.908 E-1
4.444 0175 E-1
4,464 01231 E-1
4,484 0.498 E-2
4,505 0,235 -2
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J.11. METHOD OF V. R. STULL, P. J. WYATT, AND G. N. PLASS

Stull, Wyatt, and Piass used the quasi-random model to calculate the spectral transmission
of HZO and C02. Spect.:al transmission of these two gases was calculated for a iarge number of
homogeneous paths and the resuits are presented in the form of extensive tables. The total
work of these authors is published in two volumes [18, 62] which include a detailed description
of the quasi-random modei, the methods used in calculating the spectral transmission based on
this modei, and tabulatod transniission data.

Basically, the method employed is that which is described in section 2,2.6. Equations 34
and 35 were used zssuming only five intensity decades fur each subinterval, Dk' Also, calcula-
tions were marde for both the Lorentz line shape and the Benedict iine shape. To remove tiv:
artificial effects introduced by dividing the frequency interval into subintervais of width D_,
the interval was subdivided twice, eich subdivision being called a mest. The final transmis-

sfon spectrum was then the average of the results obtained from the two meshes.

In using the quasi-random model, the only parameter that was calculated from theory
was that of line intensities, which were subsequently grouped into intensity decades; these
decades in turn defined a value for the average decade line intensity, §i' Wyatt, Stull, amd Plass
further defined Sl by normalizing their results against the laboratory data of Howard Rurch,
and Wiliiams [1, 30}, The normalization was carried out in the followiag manner. The v~lues
of Ei were calculated for each decade and ail inteivals. Transmission data were then calculated
based on these vaiues of Sl' Calcuiated integraied absorptions were compared with the laboratory
data for large frequency intervals (>400 cm'l) and the values of §1 were adjusted accordingly.
This process was repeated untii a set of §1 values was obtained that yielded a best fit of the
calcuiated data with the laboratory data in a ieast-squares sense. The entire process was
carried out for two mesh sizes {20 -::m_l and 5 cm-l} and a two-dimensional generalization of

the least-sruares method was used to obtain a final set of §i vaiues.

it is obvious from the above discussion that the initial selection of the §.1 values is immate~

riai sincethe empirical process will always converge.

Tabie 21 summarizes the various homegeneous piuths for which transmission data are
tabulated. It is noted that for each gas thr re are six entries in the table. The first is the wave-
fength interval over which the computations were performed. The second gives the range of W
values, the third gives the pressure range, and the fourth gives the temperature range. The jast
two give, respectively, the frequency spacing between entries and the resolution. Since there
are 15 different W vaiuves, 7 pressures, ano 3 temperatures, each line in this table, for either

gas, encompasses transmission spectra for 315 paths.
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Such an extensive set of data not only glves transmission spectra for numerous homogeneous
paths but can easily be used to determine the absorption for any homogeneous path. I the values
of W, P, and T for a given path are all bounded by the values showr. in table 21, then the trans-
mission can be determined by simple interpolation procedures. Also, these data can be used in
place of measured spectra to specify the band parameters for the Elsasser or statistical modef.
This was done by Oppei who fitted the Elsasser model to these data for the spectral region from
4.0t0 5.0 p. This procedure allows for the calculation of transmission spectra for slant paths
that are not bounded by the range of values in the tables.

The interpolation procedure to be used is that suggested by the authors— simply a loga-
rithmic interpolation between norzero values of the absorption. The absorpticn is expressed
in the form

e-f(P,T,W)

A=1-T= (97)

where f is usually a complicated function of pressure P, temperature T, and absorber concen-
tration W. At points where one or both of the tabular values of transmission 7 is equal to unity,
linear interpolation on 7 provides more than sufficient accuracy. Otherwise it is far more
accurate to interpolate f(P, T, W). Since oniy three significant figures are given in the tables,

in general, a {irst-order interpolation provides sufficient accuracy. From equation 97 one has
f(P, T, WY={nA

When the absorptance at constant P is plotted against W on a log-log graph, the resulting curve
has only a small curvature and displays long linear sections. Simniar remarks apply to an
absorptance curve at constant W plotted against P. For these reasons, the most accurate
interpolation is obtained by takiag equal logarithmic intervals for P and W so that

of of of
Af -a—xAx + ﬁAT +‘é§AY
wherex =fn Pandy = {n W. Thus, f(P + AP, T + AT + W + AW) = f{P, T, W) + Af axd
7(P+ AP, T+ AT, W + AW) =1 - A(P + AP, T + AT, W + AW) = 1- exp [-(f + Af)]

The following exi'mpie illustrates the mothod described above.

Given: P =1atm, T =3009K
at W/ =2.0, 7 = 0.648, A = 0.352
at W=5.0,7=0425 A =057
P = 0.5 atin, T = 300°K
atw =24, 7 =0.715, A =0.285
at W =5.0, 7 = 0.545, A = 0.455
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Find: 7(P, W)atW =3.2, P =0.75. T = 300°K

Procedure: A(l, 2.0) =0.352; f = 1.0441
A, 5.0) =0.575; f = 0.5534
A(0.5, 2.0) = 0.285; f = 1.2553
A(0.5,5.0) = 0.455; f =0.7875
¢n (2.0) = 0.8931: ¢n (1.0) = 0.0400
¢n {(2.2) = 1.1631; ¢n (0.75) = -0.2877
¢n (5.0) = 1.6094; #r (0.5) = -0.6931

af af
Hence: Af = 3(en W)A(ﬂn W) + il P)A(ln P)
05534 - 1.0441 , . 1.2553 - 1.0441
= 1.6094 - 0.6951(1-1631 - 0.8931} + e 0.0000¢0-2877)

=-0.2517 + 0.0877 = -0.1440

Therefore: §(0.75, 3.2) = {(1, 2.0) + Af = 1.0441 - 0.1640 = 0.8801

7075, 3.2) = 1 - e 28801 _ ¢ ngp

In order to calculate transmisslon for atmospheric slant paths, the equivalent path param-
eters P and W* are first determined oy the methods used in section 2.3. The equivalent temper-
ature may be assumed to be the average temperature without introducing » significant errar
Once the equivalent homogrneous-path parameters are determined, the spectral transmission

can be calculated according to the Interpoiation procedure,

Plass [63] used this method to calculate the spectral transmission over slant paths {rom
initial altitudes of 15, 25, 30, and 50 km to the outer limit of the atmosphere. Results are
presented in the form of tables for paths from the vertleal to the horizontal in 5C steps. Values
are given for 002 from 500 to 10,000 cm'l and for H20 from 10C0 to 10,000 cm-l for botha
"dry" stratosphere and a "wet" stratosphere.

Plass assumed that CO2 was uniformly mixed throughout the atmosphere at 0.033% by
volume. H20 distributions were based un the work of Gutnick [64, 65]. For the "dry” strato-

sphere H20 was assumed to be constant at 0.045 gm/km air. For the "wet” stratosphere the
| values used are given in tabie 22,

The use of the quasi-random nodel to describe the spectral-line structure of atmospheric
gases is most rigorous and undoutdedly results in a more accurate representation of the line
structure than does any other band model. However, it is not possible to express the transmis-
1 sivity functious generzled through the use of this model in a closed form. It is therefore a

difficult and laborious task to apply them to arbitrary atmospheric slant paths. For thls reason
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TABLE 22, MIXING RATIO FOR "WET"
STRATOSPHERE MODEL

Altitvde
(km)

15
16
17
18
19

20
21
22
22
24

25
26
27
28
29

30

31

32

33 and above

Mixing Ratic
(gm H20 per kg air)

0.0080
0.0085
0.0105
0.012
0.015

0.018
0.022
0.027
0.033
0.040

0.048
0.058
2.069
0.087
0.11

0.13
0.16
0.18
0.20

14]
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it is felt that the most useful aspect of the work of Wyatt, Stull, and Plass is not the methods
they employed, but rather their extensive results.*

3.12, METHCD OF A. THOMSON AND M. DOWNING

Thomson and Downing were involved in a program that required knowledge of the trans-
mission of the atmosphere from 2.0 t¢ 5.0 p for atmospheric paths that extended from the
surface of the earth to the limit of the atniosphere. T¢ determine such transmission spectra
they used the transmissivity functions developed by Howard, Burch, and Williams for Hzo for
the 2,7-p and 3.2 absorption bands and the results of Carpenter for the 4.3-u C02 band. Their
only original contribution consisted of determining a method for calculating abserption caused
by CQ, for the 2.7-p band. This work was based on the rcsults of Thomsen [66]. Their com-
plete work is presented in reference 67. Since the works of Howard and Carpenter have been

previously discussed, only the results of their work related to C02 absorption at 2.7 1 will be
discussed here.

The transmission for the 2.7-p CO2 band was calculated directly from the stroag-line
approximation to the Elsasser band model. Since Thomson and Downing developed their method

for sea-level paths only, the transmission is given by

ffa OS(u)w*]V 2

A=erfL d2

(98)

Thomson et al. derived an approximate expression for the mean or '"smeared' integrated
intensity of a linear molecule which is given as

2 /iav)?

where S0 is the total-hand intensity and Av = 2vBkT/he, in which k = Boltzmann's ccnstant,

h = Planck's constant, and ¢ = velocity of light, B is the rotational constant ana has the value
of 0.39 cm” [68],

The 2.7-p CO2 band consists of two adjacent bands; as reported by Thomson and Downing,

one is centered at 3716 ¢m”* and has a value for S, at 2989K of 42.3 cm'z-atm'l; the other
band is centered at 3609 ¢m” ) and has a value for S, at 2989K of 28.6 em 2-atm™L. The values

*Unfortunately, the tables could not be included in this document because of their consider-
able lengll. However, copies are obtainable from the Deiense Documentation Center in Wash-
ington. (Note the AD numbers on ref. 19, 62, and 63.)
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1 and 1.56 cm'l, respectively. With all of the

parameters specified, the iransmission is easily calculated for any equivalent path W*. The

for @, and d were determined to be 0,064 cm

results of a sample calculatlon are shown infigure 43, which i3 the transmission to the top of the
atmosphere for vertical paths extending from six different altitudes for the band centered at
3716 cm'l. It is Interesting to note the peak in transmission at the band center, approximately
3610 em™ !, Even for large quantities of absorber these peaks reach 100% transmission. If the
absorption of CO2 were measured at inflnite resolution such peaks would indeed be observable;
however, for a resolution consistent wiih the Elsasser model {i.e., the averaging interval is
equaltod= 1,56 cm'1 for this calculation), such peaks would be smoothed and a value of 100%
transmisslon would not be observable. Therefore, it appears that the results obtained by this

method are not in agreement with the inltial assumptlon of a regular Elsasser band model, The
peaks are very narrow, however, and from the standpolnt of total-band absorption their methed

yields results that are comparable with other methods and experimental fleld measurements,

3.13. METHOD OF T. ELDER AND J. STRONG
Elder and Strong (69 ] derived a useful, simple methed for predicting the average total ab- !

sorption—-the average being taken over broad spectral Intervals---caused by HZO for i
homogeneous paths. The spectral reglons of interest to Elder and Strong were the so-called

Infrared "windows."”

In figure 44 a low-resolution curve is presented of transmission versus wavenumber for
the spectral reglon from 0.7 to 14.0u. It is noted that there are eight regions of low absorp-
tion. Each of the low-absorption regions is called an atmospheric window and is spectrally
defined in the figure. The boundaries are indicated by the dotted lines in the centers of the
absorption bands.

Note that the window transmissions are not unity as they would be if the opticzl path were
evacuated. This is primarily a result of continuous attenuatior. Elder and Strong developed
emplrlcal functions, based primarily on open-ai: field measuremrents, which specify the average
window transmission resulting from molecular absorption for each of the window regions shown
in flgure 44. They assumed that the average window transmission for each of the eight windows

could be represented to a first approxlmation by the expression

T=-klog W*+t (99)

0

where k aid t0 are empirical constants and W* is the equivalent sea-level concentration of HZO‘
Thus. when :neasured values of T and W* are plotted for an; window on semi-log graph paper,

the experimental points should fall on a straight line with slope -k 2:.d with an intercept to.
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TRANSMISSION

-3 I | |

10
3520 3560 3600 3840

WAVENUMBER (cm’l)

FIGURE 43. TRANSMISSION TO TOP OF ATMOSPHERE FROM IN-

DICATED ALTITUDES AS A FUNCTION OF WAVENUMBER FOR

3716-CM~1 CARBON DIOXIDE BAND. Altitudes; curve 1, 15,000 ft;

curve 2, 20,000 tt; curve 3, 30,000 ft; curve 4, 50,000 ft; curve 5,
75,000 ft; curve 6, 100,000 ft.
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Flgure 45 contains graphs of T vs, log W”* for windows Ito VII. Window VII was not iieated
since this procedure required adjacent windows to determilne the envelope spectrum which was
used to determine the amount of continuous attenuation. The data used In the curves are sum-
marized in table 23, The clrcled dots on figures 45d, 45e, 45f, and 45g were not obtalned from
observed spectra, as were the other points, but were calculated Indlrectly from ohservatlons
reported in references 84-87.

The empirical constants assoclated with the solid stralght lines on the graphs are given In
table 24. The average stralght lines of these seven graphs show the valldity of equatlon 99,
whlle the points show the agreement of the observed data.

In figures 45d, 45¢, and 45f, a dashed curve ls drawn. Thls curve represents the trans-
mlsslon as predicted for no-haze conditions from the published tables of Yate:s {88] (z1so see
ref. 89). It can be seen that In the reglon of the Howard/Ohio State data, the {1t with the stralght
lire is good, but the extrapolations te lung paths do not always agree with other observatlons,
nor with the straight line.

We work of Elder and Strong is represented completely by equation §9 -and the coefficlents
glven in table 23. This emplrically derived expression provides a very useful and simple
method for computing values of window transmission but shoulc: be used with sume reservations.
First, this work |s based on data that were measured earlier than 1950. Therefore, the results
are somewhat dated and no attempt has been made to verify the empirlcal constants with more
recent measurements, However, their method s the only one avallable for predicting vawues

of window transmission without first computing spectral absorption,

Secondly, their method should not be applied to paths eontaining concentratlons greater
than those shown In figure 45a-45f. In general, this value is approximately 2 atm em H,O and

2
therefore limits the method to relatively short paths.

3.14. SUMMARY

In this sectlon methods for computlng absorption for homogeneous paths based on assumed
models of the band structure were presented. A summary of this in{>rmation is glven in
table 25, Eor sach researcher or research group, the gases treated, band models assumed,
wavelength range cver which the method is appllcable, and the experimental data used to deter-
mine the frequency-dependent parameters are stated. Ali methods prescnted yield values of
spectral absorption with the exception of that of Elder and Strong. Their method yields values
of average absorpt.on for only the wiadow regions. Of the method:: which can be used to compute
spectral absorption, the method of Stull, Wyatt, and Plass is the orly one which does not give the

transmissivity function in closed form. This is because they used the quasi-random model.
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TABLE 23, WINDOW TRANSMISSION (percent)

Water
T Code® _ Path I o m v v Vvl vOo
{pr min)
Fowle [70-75) F 0,08 -- -- -- 899 835 711 115
Howsard {76] H 009 -- - .- 930 870 8.5 69.7
Fioward [76] H 018 -- .- - 920 820 822 86.2
Howard {76] H 0.28 - - -~ 88,0 78.4 81.5 81.2
Fowle {70-75] F 082 -- -- -- 796 689 69.0 52.4
Hettner {77] W 1.5 -~ 985 886 770 885 762 --
Elliott et al. [78-79] E 3.05 .-  --  -=  --  63.5 675 --
Elliott et al, {78-79] E 3.9 -- -- -- 75.0 654 653 --
Fischer {80] C 5.0 -~ 98,6 91,8 833 711 -- -
Strong {81] S 11,0 91,0 900 1790 68.0 57.0 -- -=
Gebbie [ 82-83] G 17 .- 8c.6 68.0 634 55.8 556 25.0
Fischer [80] c 20 -~ 888 784 632 548 --  --
Fowle [70-75] F 20 86,0 880 620 -- -- -- oo
Strong [47] s 24 85.0 89.0 58.0 .- .- -= -
Strong {81] s 36 82.0 83.0 67.0 61.0 550 --  --
Fischer [80] c 50 -- 7.5 700 555 464 --  --
Strong {81] s 5 79.0 73.5 58,0 47.0 54.0 --  --
Strong {81] S 75 75.0 75.0 59,0 590 4.0 -- ~-
Fischer [80] c 20¢ -~ 62.8 601 494 40.6 -- --

*Reference designation on figure 45.
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TABLE 24. EMPIRICAL CONSTANTS FROM FIGURE 45
T=-k lOg W+ to

T is window transmission in percent
W fs water path precipitable millimeters

T = 100% if
Window Region k to—  W.is less than

(1) -0 (mm)

I 0.70 to 0.92 15.1 106.3 0.26

b 0.92to 1.1 16.5 106.3 6.24
I 1.1to 1.4 i7.1 96.3 0.058
v 14to1.9 13.1 81.0 0.036
v 1.9to2.7 13.1 72.5 0.008
VI 2.Tto 4.8 12,5 72.3 0.006
va 4.3t0 5.9 21.2 51.2 0.005

VIl 5.9 to 14 (not treated)

Example: for window VI and 0.03 precipitable millimeters of water,
T =-12.5 (log 0.03) + 72.3 = -12.5 (8.477 - 10) + 72.3
-12.5 (-1.523) + 72.3 = +19.0 + 72.3
1.3%.
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Since there are many different methods available for computing absorption for a given gas
and for a given spectral interval (for the 4.3-u (.'.'O2 band there are seven methods available),
the infrared researcher must select the best method to use for a given applleatlon considering
the trade-offs between accuracy, resolutior, and amount of computational labor. The resolution
obtainable from any given method and th= amount of computational labor involved have been
made quite clear in the previous discussions. However, the accuracy with which a given method

can predict atmospheric absorption is yet to be established.

There are basically two approaches one can use to determine the accuracy with which a
method based on a band model car. predict spectral absorption. The first of these is to compute
spectral ahsorption by the direct integration of the general transmissivity functlon as outlined
in sectiur 2.1 for broad ranges of ahsorber concentration and pressure, These results are then
cownpared with the resalts obtained by each of the methods listed in table 25. Such comparisons
vrould be indicative but not necessarily conclusive for several reasons. The rigorous calcula-
tion requires a priori knowledge of such band parameters as line strength, line half- width, and
line location which are determined from both theory and experimental measurement, Also, the
number of spectral lines that must be taken into account increases as the quantity of absorber
increases. Therefore, even the direct integration calculation includes assumptions and approxi-
mations which, in the final analysis, should be verified with experimentai field measurements,
Unfortunately, even if the rigorous ralculation could yield results that approximate the true ab-
sorption spectra for an atmospheric slant path better than any other technique, the state of the
art is such that it could not be applied to all spectral regions, This results from the fact that
the band parameters are fairly accurately known for only a small portion of the spectrum. For
the spectral regions fur which the rigorous calculation has been performed, comparisons are

made with band-model inethuds. These are presenied and discussed in section 5.

The second approach is to simply compare the results obfained from the band-model
methods with experimental field measurements. It is felt that such comparisons yield the most
conclusive results if the slant-path fieid measurements are made under such conditions that the
quantity of absorber in the path can accurately be determined. Comparisons of this type are
also presented and discussed in section 5.

It is emphasized that the motivation behind the development of the band-modei methods was
to generate methods for computing slant-path absorption which yieid good first-order approxi-
mation to the true absorption spectra, while at the same time requiring a minimal amount of
computation. As will be shown in section 5, many of the methods have achieved this goal for a
large portion ot the irtrared spectrum.
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4
DISTRIBUTION OF ATMOSPHERIC MOLECULAR ABSORBING GASES

4.1. INTROCYUCTION

In section 2 it was stated that the atmosphere contains six different gases that attenuate
tnfrared radiation by a process known as molecular absorption. Those gases are C02, Hzo,
03, Nzo, CH 4 and CO. In order to determine the amount of radiation absorbed oy a particular

absorbing species as the radiation traverses an atmospheric slant path it is necessary to reduce

the siant-path absorber concentration to an equivaient concentration for a homogeneous path.
To perform this reduction it is first necessary to determine the pressure, temperature, and
density of each absorbing gas at each point along the siant path. Hence it is necessary to have
a priori knowledge of the distribution o' pressure, temperature, and d=asity as a function of
aititude. The distribution of pressure and temperature is not a controversial subject and for
purposes of atmospheric absorption caiculations the values pubiished in the U. S, Standard
Atmoszphere 1962 are adequate. The distribution of density for the various gases, however,
has been subject to considerable research, This section discus:;es the present state of knowl-

edge pertaining to these densily distributions.
Recali that the density of a given absorber is given by

Peas = PairMpas

where Pair is the density of air and Mgas is the mixing ratio of the gas expressed as percent
by volume {equivaient to mole fraction), The mixing atios of C02, 03, CH 4 CO, and Nzo are
normally expressed in these units. However, the mixing ratio for H20 is normally expressed

as percent by weight, grams of H,O per kilogram of air being the standard unit.

2
4.2, CARBON DIOXIDE

Carbon dioxidc is a strong absorber of infrared radiatioi in three rather broad spectral
regions centered at approximateiy 2.7, 4.3, and 15 p. Co2 data are of specific importance to

two main groups of scientists; meteorologists and systems engineers. The former, who are

concerned with radiative transfer, have special interest in the 15-u CO2 band and require highiy

accurate mixing ratio data, The latter find aii three 002 bands of importance, and unlike the
meteorologist, the systems engineer does not need painstakingly accurate data. The vast ma-
jority of the work done in this area is pointed toward satisfying systems requirements, which

is also the goal of this report, The following study is presented in this iight.
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All researchers are in general agrecment that 002 is uniformly mixed throughout the
atmosphere fer altitudes up to 50 km. Since data are exiremely sparse for greater altitudes,
specific conclusions cannot be made, However, air density is minute for altitudes greater than

50 km:, and, for purposes of atmospheric absorption, it may be considered negligible.

The available information reporting values of Co2 content have been reviewed and the re-
sults are presented in table 26. Note that all aulliors are 'in close agreement. The average
deviation is less than 2% and the percent difference between the maximuin and minimum value
is only 5%. These values are averages of a great many measurements made at manv different
locations. The most extensive measurement program was that of Keeling {91] which consisted
of continuous measurements from 1957 to 1961 at Hawaii, Antartica, and Californiz: for altitudes
to 5 km. His results indicated that the CO2 concentration shows monthly variations of approxi-
mately 2 ppm, having a maximum value in April and a minimum in December. He also indicated
that the average yearly increase in CO, is approximately 1.0 ppin. 1n addition, Callendar [96]

2

and Bray [95] separately have shown evidence that the CO, concentration has increased in the

last 50 years. Callendar reported an av.vage yearly lncrzase of approximately 0.7 ppm,
attributing the increase to industrial activity and the clearing, draining, and burning of vegeta-
tion. Presented in table 27 are some comparisons Bray made to demonstrate the 002 increase
over the last 100 years.

It is emphasized that the data in table 27 are averages of a large number of measurements
and that various isolated measurements show large deviations from the accepted average value.
For example, concentrations less than 150 ppm have been recorded in polar areas while data
taken near Africa have shown concentrations as high as 700 ppm. Also, most observations
indicate that the Co2 conient is higher near industrial or urban areas than in rural areas. In
general, the measurements indicate that the CO2 content is higher at night than during the day.
Although little work has been performed at high altitudes, Glueckauff [93] has reported values

between 50 and 70 ppm less than the norm for stratospheric balloon flights over England.

On the basis of the data presented in table 26 and the fact that Bray's value is based apon
an extensive literature survey, one could reasonadb’ - choose a value of 320 ppm for atmospheric-

absorption calculations. This vaiue was used for all calculations presented in this report.

4.3. NITROUS OXIDE
Nitrous oxide was first recognized as a permanent constituent of the atmosphere by Adel
{97] in 1939, and since that time a number of other authors h.ve measured the N, O concentration,

2
Data of Goldberg and Muller [98] and Goody and Waishaw [99] support the assumption that the
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TABLE 26. CONCENTRATION OF CARBON DIOXIDE

Source COy Content
—
Handbook of
Geophysics [90] 314
Keeling [31] 314
Callendar [9i] 320
tueckauff [93) 330
Fonselious [94] 321-329
Bray [95] 320
Avecage 321 ¢5

TAELE 27. ATMOSPHERIC CARBON DIOXIDE FOR
1857 — 1906 AND 1907 — 1956, VARIOUS

CATEGORIES
Category Mean Mean
Unwelghted Values {1857 —1808) {1907 ——13586)
Yearly, all values 321 350
Yearly, non-urban 312 332
Summer, non-urban 306 314
April, non-urkan 311 318
August, non-urban 295 315
Weighted Values

Yearly, all values®* 313 334
Yearly, non-urban” 309 326
Summer, non-urban® 289 315
April, non-urban 316 317
Aupgust, non-urban 299 a1t
Yearly, non-urban** 293 319
Summer, non-urban** 293 315

*Weighted by opinions in literature and by miximum-
minimum variability in relaticn to mean.

"Welghted by maximumi-minimum variability only.
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fractional concentraticn 15 uniform with altitude. The former authors indicate that N20 is
uniformly mixed to an altitude of 15 km, while Goody and Walshaw show uniform distribution

to 10 km and suggest a good probability of uniformity to 40 km.

Presented In table 28 1s a summary of the avaiiable data on the N20 concentration, a value
which is not well agreed upon. COne possible reason for the diversity was reported by Groth
and Schierholz [10%]. Using laboratory data, they suggest iiat aerobic bacterial decomposition
of nitrogen compounds is a major source of N20, which might imply that its concentration is
dependent upon geographic locatlon and seasonal variation. Bates and Witherspocn [106] also

suggest that these photochemical reactions are the major sources of N20 in the atmosphere.

For all calculations performed in this report, a value of 0.28 ppm for Nzo concentration

was vsed, The choice was based on the fact that this value was predominant inthe most recent
measurements.

4.4, CARBCON MONOXIDE AND METHANE

Carbon monoxide and methane are the two remaining gases that are, except for localized

conditions, uniformly mixed as a function of altitude. These gases are relatively weak absorbers

and exist in the atmosphere at concentrations whlch are relatlvely low compared to that of C02.

The abundance of CO has been investigated to a much greater extent than that of CHd‘ A
summary of the CO data is presented in table 29. Note that thers is considerable variatlon in
the data, with Shaw [110] giving the lowest value of 0.075 ppm and Bowman [104] reporting the
hlghest value of 1.1 ppm. The remaining data have an average value of approximately 0.12 ppm.
The reason for these differences is undoubtedly a result of the different methods of measure-
ment. For example, Shaw's values were determlned from solar spectra observed from a ground
level station. Therefore, the CO concentration represents a mean value for a slant path extend-
ing to the limit of the atmosphere. The possibility of an increased concentration caused by the
industrial actlvity would have liitle effect on such a path. Bowman's data, in contrast, were
determlned from air samples taken at ground level stations in or near the city, and are there-
fore biased data. The remaining data were determined from solar spectra or from air samples
far removed from industry or urban areas., If we neglect Bowman's data it appears that a good
representative average mixing ratio for CO is 0.12 ppm. This value was used for all calcula-

tlons in thls report.

The availabie data on CH4 is very sparse. Bowman [104] reports a value of 2.4 ppm based

on an experimental procedure the same as that used for CO. Goldberg [115] reports a value of
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TABLE 28. CONCENTRATICH OF NITROUS OXIDE

Author Date Locatlor Content
(ppm)

Ade1 [97] 1941  Ar'zona 0.38
Shaw, Sutherland,

and Wormell [49] 1948 England 1.25
McMath and

Goldrerg [100] 1949  Michigan 0.5
Slobod and Krogh [101} 1850 Texas 0.5
Birkeiand, Burch,

and Shaw [102] 1957  Chesapeake Bay 0.43
Birkeland [103} 1857 Ohiu 0.28
Bowman [104] 1958  Ohio 0.28
U. 8. Standard

Atmosphere 1962 0.5

TABLE 29. CONCENTRATION OF CARBON MONOXIDE

0 Obse s Mean entratio " aal
Location bserver C?pl;cm ; ration .pplmgsc

Columbus, Ohic  Migeotte [107] 0.125* ---
Columbus, Ohtc  Bowman [104] 1.1 0.4-2.2
Columbus, Ohto  Shaw and Howard [108-110] 0.125** 0.075-0.25
Columbus, Ohto  Shaw [111] 0.075** 0.05-0.125
Ottawa, Canada  Locke and Herzberg [112] 0.1625 0.09-0.18
Jungiraujoch, Benesch, Migeotte, und

Switzerland Neven [112) DL 0.025-0.11
Flagstaff, Adel [114]

Arizona 0.125* o

*Concentration determined from published spectra.

"Concentratton reduced to sea level assuming untform vertical distribution.
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1.1 ppm. Sincc the avsilable data are so meager, it is fortunate that CH 4 is 2 minor contributor
to slant-path absorptlon.

4.5. OZONE

Ozone is formed primarily In the mesosphere by photochemical dissociation of oxyzen as
a result of ultraviolet radiation from the sun. Its distributlon is variable with altltude, showing
maximum concentration between 15 and 30 km. Presented in figure 46 is a typical veitical
profile of ozone distribution [116]. The units of O, concentralion are atmospheric centimeters
(at STP) per kilometer of air. To vonvert these u;aits te parts per miliion, two steps are re-
quired. First, convert the valucs on the abscissa to partial pressure of 03 in micromillibars.

This conversion is given by PO = IGTlx P0 x atm ¢m/km, where T is the temperature at the

3 0
given altitude. The 03 concentration in parts per million for any given altitude is thea given

by the ratio of the 03 partial pressure to air pressure at that altitude, or ppm = Po /Pair'
3

where PO is in micromillibars and Pair is in millibars.

3
It is noted that the 03 concentration {s approximately 0,004 atm cm/km at sea level, wiich
would cause negligible absorption even for very long paths. Tt increases to a maximum of
approximately 0.02 atm cm/km at 23 km and then gradually decreases with increasing altitude.
It is emphasized that, since this is only a typical profile, the concentration for a specific season

or a glven geographical location can vary markedly from that shown.

The 03 mixing-ratio profile appears to have a significant seasonal and latitudinal variation,
as ls seen in figures 47 and 48 {90]. Note that the shape of the profile changes under different
conditions. In flgure 47 there appears to be a yearly cyclic change In the distribution. Starting
in the colder months, the peak concentraticn increases to a maxlmum in August. There also
appears to be a tendency for the peak to rise in altitude as it grows in magnitude, Figure 48
scems to indicale that the profile "flattens out' with increasing latitude at the same time at
which the peak concentration becomes less. These changes in the profile, however, do not be-
come a critical concern uriess a specific application calls for a long, near-horizontal path
between 15 and 30 km. Inthis case, use of different profiles couid give significant differences

and it is recommended that under these circumstances a profile should be used that had been

obtained under very similar temporal, seasonal, and latitudinal conditions as the path in question.

Figures 49 and 50 show the average distribution of total 03 {for a vertical path through the
atmosphere) over the ..-thern hemisphere for the maximum and minimum seasons [117]. Total
03 in cguatorial reglons averages about £.24 2tm cm and varics only slightly with scason. The

amount increases to the north reaching annual averages in excess of 0.4 atm cm. North of the
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FIGURE 47. SEASONAL VARIATION OF QZONE
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FIGURE 50. AVERAGE DISTRIBUTION OF TOTAL OZONE OVER THE NORTHERN
HEMISPHERE IN THE FALL
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tropical zone, the variation with season is approximately sinusoidal with a distinct maximum
in early spring and a distinct minimum in the fall. The generai features of the 03 distribution
conform roughly to the features of the mean circulatory pattern of the lower atmosphere.
Larger amounts of 03 are associated with regions of low pressure ard warm temperature above

the tropopause.

1t can be seen that the typizal profile in figure 46 can be adapted for different laritudes by
simply shifting the curve right or left so that the area under the curve (with respect to the
altitude axis} equals the total vertical 03 content. To illustrate the procedure, let us assume
that one wanted to correct the profile in figure 46 to one which contains 0.42 atm cm of 03.
The rurve must now be shifted to the right to include an additional area of 0.07 atm ¢m. The
new curve is presented in figure 51. This method of choosing an 03 profile will yield results

which are reasonably acrurate with respect to all the variable conditions.

If a more precise O3 profile is required it is desirable to consult an extensive measure-
ment program so that a curve more closely aligned with the particular application could be
obtained. One such publlcation of 03 profiles ic the result of an experimentai program initiated
by the Air Force Cambridge Research Laboratories [118]. A network of eleven ozonesonde
stations was established in North America, ranging in lccation from the Canal Zone in the south
to Thule, Greenland, in the north, which produced hundreds of high-resolution observations of
vertical 03 distributions. The reports from this group include O, data for both the winter and

3

summer months. Also included are average 03 distribution for overlapping bimonthly perinds,

4.6. WATER VAPOR

Water vapor is the most variable constituent in the atmosphere and compared to other
atmospheric gases is probably the most difficult to measure at iow temperatures and concen-
trations. Because of these difficulties and the inaccuracies of the early measurements, the
only data that are considered in this review are those from a few of the most recent measure-

ments.

Since air cannot remain in a supersaturate state, the maximum moisture content is temper-
ature dependent. Combining this effect with the effect of evaporation, the previous environment
or past history of a given air mass affects the Hzo concentration of that air mass. However,
no tenable theory of atmospheric circulatlon has been able to explain how the history of the air
mass determines its Hzo content. As a conzequence of the temperature and évaporation effects,
the Hzo concentration has a great temporal and spatial variaticn; and the task of determining a

correct HZO profile for a given season, geographic locaticn, and for a given day therefore
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becomes arduous indeed, The most desirable method would be to take on-the-spot measure-
ments, thereby determining the “exact" profile for that location, This procedure has been done
by some researchers, notably Kowall of Lockheed [119], but for the most part this type of mea-
surement would be impractical if not impossible. If the on-the-spot proiile is not feasible, a
reasonable Hzo profile ty use is that which has been taken under approximately the same condi-
tions and for a location consistent with a particular application. Another possibility would be
to use an "average" profile {one averaged for all rarameters of interest) ard to rely upon the

fact that the mean error is tolerable.

Available humidity data can be classified conveniently into two altitude ranges: sea level
to about 7 km and from that point to 31 km. 1n this study the average elevation of annual mid-
latitude tropopause has been taken as 11 km, in accordance with the standiard at mosphere; ele-
vations above 11 km will be referred to as stratospheric and those below 11 km will be referred

to as tropspheric.

Up to 7T km where the conventioral radiosonde humioity element often functions, a veritable
wealth of data exists., Summaries of radiosonde ascents are published as a part of the official
publication of various weather services. A reasonably good world-wide sample of data is also
published by the U. 5. Weather Bureau as part of the CLIMAT reports (Monthly Climatic Data
for the World). Lcw-level humidity data are so plentiful that world-wide maps have appeared
for the mid-seasonzl months giving the amount of precipitable water from the surface to approx..

imately 5 km [120]. 1t is important to note, however, that these maps give average H,O content,

they by no means specify the profiles with accuracy on any given day. Even the mostzcasual
observer is aware of the day-to-day fluctuations in near-ground-level humidity, but even hour-
by-nour changes occur which affect the profile considerably. 5hown in figure 52 are low-altitude
measurements made by Kowall {119] which indicate deviations of as much as an order of magui-

tude of H20 content, Needless to say, no H,O profile other than an instantaneous on-the-spot

2
one will yield exact compliance with the conditions of a measurement. However, as is scen

in figure 52, there are profiles avaiiable which give a reasonably close approximation to the
average condition and which can be used with reasonable accuracy when direct measurement

is not feasible.

Moisture data are scarce above 7 km compared tc those at the lower levels. With two
exceptions, all stratospheric moisture measurements have been taken ..onsystematically by
individuals and/or organizations interested in the field. These ascents were made sporadically
whenever the time, iocation, funds, etc., were available. Less than 50 such stratospheric

ascents have succeeded, and only about 10 have reached or exceeded 31 km. Table 30 lists the
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TABLE 30, INSTRUMENTS, INVESTIGATORS, AND ORGANIZATIONS RESPONSIBLE
FOR NONSYSTEMATIC STRATOSPHERIC HUMIWITY MEASURKMENTS

Instrument

Reference

QOrganization

Automatic frostpoint
hygrometer

Vapor trap

Automatic frostpoint
hygromeier

Automatic frostpoint
hygrometer

Infrared spectrometer
and automatic frost-
point hygrometer

Infrared spectrometer
"Sunseeker"

Molecular sieve

168

Barrett, Herndon, and Carter,
1950 [121]

Barclay et al., 1960 [122]
Brown et al., 1961 [123]

Brown and Pybus, 1960 [124]

Mastenbrook and Dinger,
1960, 1961 [125, 126]

Murcray, Murcray, Williams,
1961 [127]

Murcray, Murcray, Willlams,
1964 [128]

Steinberg and Rohrbough,
1961 [129]

University of Chicago

United Kingdom
Atomic Energy
Authority (UKAEA)

USA Ballistic Research
Laboratories (BRL)

USN Research
Laboratory (NRL) and (CBA)

University of Denver

University of Denver

General Mills, Inc.

2
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instruments, principal investigators, and organizations maktng these nonsystematic stratospherlc

ascents yielding discrete moisturc daia at given altitudes.

Two sets of more or less systematic probes of stratospheric humidity condittons have
been made. The British Meteorologica! Research Flights (MRF) used manually operated frost-
point hygrometers; maximum altitudes reached by the aircraft were about 15 km. Most ascents
were over southern England [130], but soine were as far away as northern Norway [131] and
Kenya {132], Nearly 400 ascents over southern England, well distributed throughout tae year,
reached or exceeded @ km. The Japanese Meteorological agency (JMA) utilized balloon-porne
automatte frostpoint hygrometers at Sappora, Tateno, Hachejoshima, and Kagoshima [133]. On
several occasions two ascents were made in one day; on son.. days soundings were made at

two or more stations simultaneously. About 100 ascents reached 9 km; 2 ascents reached 31 km.

Presented in figure 53 are the profiles determined by the authors cited in table 31. Also

shown in this figure are the average profiles given by the aforementioned groups who have taken

systematic measurements.

The Barrett mean is a nonrigorous average of the original Barrett data derived at The
University of Michigan in order to present these data in comparison with the other profiles.
Figure 54 shows the original Barreti data. The other mean profiles (i.e., the JMA mean and the
NRI, mean) were taken from published works. The profiles in figure 53 show a decrease in
mixing ratio with altitude to a minimum value several kilometers above the trcpopause, the
exact altitude differing from researcher to researcher. Above this point the mixing ratio in-
creases to at least 32 km, the highest altitude to which analysis could be extended. Above 32 km
most researchers merely use a constant mixing ratio, a method which yields adequate results.
The points of greatest disagreement are: (1) the altitude at which the minimum occurs and
(2) the magnitude of the mixing ratio at this mintmum. Researchers have reported altitudes
of 12 to 18 km for this knee in the curve, with values of between 2 X 10°3 g/kg and 2 x 1072
g/kg for the mixing ratio of the minimum point. As yet no noncontroversial theary has been
advanced to explain the physical mechanism involved, s~ that no definitive statement can be
given to indicate which values to use, Let us simply say that the most recent data [128] indicate
the knee at abcut 16.5 xm with a mixing ratio of 2 x 10'3 g/ke.

Since the mixing-ratio data are necessary prerequisites for the calculation of the amount
of 1-120 in a particular atmospheric path, many authors have found it advantageous to obtain
simple functional approximations to a mixing-ratio proftle. Figure 55 presents the approxima-
tion obtained by Zachor [27]. It can be seen that Zachor, for each profile under consideration,
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used two straight llnes to approximate the data of Barrett. Since the data are on a 1og si.ale tie

work became merely a fltting of exponential curves to Barrett's results.

Oppel [134], with his IRMA (Infrared Model Atmospheres) computer subroutine, has pro-
vided other conveniomt rodels for the H20 distribution. He derived tropical dry, Arctic dry,
and temperate wet approximate Hzo profiles. The basi: data Oppel approximated were Guinick's
work for the mid-latitude profile [135] and Mastenbrook's [125] study for the tropical profile.
As there have been no Arctic stratospheric measurements, the Arctic model was contrived by
specifying the relative humidity at 60% in the tropsephare and using a constant mixing ratio of
approximately 0.0055 g/kg above the .ropopause. Most researchers agree tnat these are good
assumptions. The profiles attzined in this fashion are presented in figure 56. 1t can be seen
that Oppel's work cannot be applied to « system where a high degree of accuracy is needed, as
his IRMA profiles do not nearly conform o measared data from the altitude of minimum mixing
ratio upward. However, because of their simuliclty ard because they yield somewhat reasen-
able results, they are very useful in giving thumbnail approximations that may e neede? in

less critical system applications.

Lindquist [136] at The University of Michigan has ulso generated an approximate profile,
based on the 2.7-y spectroscopic measurements made by CARDE (Canadi¢i. Armament Research

Defense Establishment). Lindquist, using wavelength intervals where there is only H, O absorp-

2

tion, calculated an approximate H_O proflle from the measured transmissior values, His

2
results are shown in figure 57. Since the CARDE data were obtained completely over Florida,
this profile is characteristic of that particular geographical location, As with Oppel's work,
Lindquist predicts a constant mixing ratlo at high altitudes which is not in agreemeat with

most researchers.

Gutnick, selecting what he considered to be the most reliable data, has attempted to define
an average profile under mid-latitude conditions (fig. 58). Gutrick strove to make his average
profile (1) representative of all months or seasons, (2) representative of the climatic types
comprising the selected area, (3) based on an unbiased sample, i.e., the selected sample must
represent averaze conditions and not some unusual year or years, (4) physically consistent
Wwith krown information, e.g., at any altitude, the mean dewpoint cannot be warmer thanthe

mean temperature.

For study of the tropopause, measu'ements made in Fuknaka (by JMA) and in Washington,
D. C. (by CBA}, were used ln the averaging. Inthe stratosphere the following data were used

for the averaging at 9-, 11-, 14-, 17-, 20 , 26-, 28, and 31 km lcvels,
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(1) Three NRL profiles of 8 February 1360, 8 April 1960, and 27 June 1360 were selected
[126]. All were taken at the NRL Ch=sapeake Bay Annex (CBA) some 40 miles southeast of
Washington, D. C.

(2) Two Ballistic Research Laboratory (BRL) ascents, on 3 April=1960 at Aberdeen,
Maryland (unpublished}, and 29 April 1960 at Ft. Monmouth, N. J. [137], were selected by Brown
and Pybus [124) from their extensive series of nonsystematic moisture ascents, from the Arctic

to the Antarctic.

(3) Two University of Denver ascents were chosen: an infrared spectrometer flight on
18 April 1960 and a hygrometric ascent on 1 March 1961, both at Holloman Air Force Base,
Alamogordo, N. M. [121].

{4} The UKAEA nitrogen-cooled¢ vapor trap was flown over scuthern England seven times
in the springor summer of 1958, 1959, and 1960 [123]. Samples were taken at elevations ranging
from 24.4 t0 30.2 km (mean height 27.5 km}.

{3) The General Mills molecular sieve ascent of 15 March 1961 was used, that in which

two unlts were flown at San Angelo, Tex.
(6) JMA data which were carefully screened and therefore very reliable,

(7) The large number of MRF ascents. {The high scientific caliber of the sersonnel taklng

the observations and the carefully tested instrumentation made their inclusion a virtual neces-
sity.}

All stratospheric moisture ascents used inthe averaging are presented in figure 58. The
final average curve was plotted giving equal welght to each cf the mixing-ratio values. Note

that all the data lie within an order of magnitude of the mean curve.

The mixlng-ratio profile shows an almost logarithmic decrease with height from the sur-
face to about 7 km, then a very steep moisture gradient to @ km. From 9 km the mixing ratio
decreases less rapidly to 14 km, then is almost constant to 17 km, reaching its minimum value
in this layer. From 17 to 31 km the mixing ratio increases logarithmically with helght.

Figure 59 shows a surprising comparison between Gutnick's averiage curve and Zachor's

approximation to Barrett's summer profile.

In order to obtain a feeling for the deviation of atmospheric transmission with the change
of H20 profiles, a comparison was made between the transmission spectra froma 1to 10y inr
two paths using two extreme profiles. The profiles were picked by encompassing all the points

in figure 58. The results are given in figure 60; the two profiles are designated as Hl and LO,
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FIGURE 60. MIXING-RATIO PROFILES BOUNDING THE
DATA SHOWN IN FIGURE 58
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The paths chosen for consideration were (1) a vertical path stratght incough the atmosphere
{0 to 100 km), and (2) a horizontal path at 15.5 km whose range extends approximately 19 km.
The second path was chosen ‘o0 show the maximum deviation of transmlssion, as it lies at the
altitude of approximately the largest spread between profiies Hl and LO.

Altshuler's method of computing the transmission was used and therefore it was required
to calculate the value of W* for only two profiles for each path, The results of the investigation
proved to be rather eillghtering. For the long vertical path W* was calcnlated to be 1.392
precipitable cm for Hl and 1,387 precipitable ¢m for LO. With this very small deviation in the
W* values the expected results of small deviation in the transmission was obtained, In fact,

the maximum devlation at any point was between 1% and 2% transmission,

When the horizontal path was computed, values of W* were found to be 6.928 x 10-‘Il pre-

cipltable ¢m fur HI and 9.325 x 10'5 precipitable cm for LO. The transmisstion was calculated
and plotted for each of the two profiles, with the comparison obtained shown in flgure 61. As
can be seen in the flgure, the maxlmum difference between the curves ls about 18%. Thls large

difference, however, only manifests ltself in the center of the very strong H_O absorbing bands

2
at 2,7y and 6.3 u. Otherwise, the two curves seem to compare very well,

It can be inferred by these comparisons that for nearly vertical paths of any range, tie
transmission is not critically dependent on the 1-120 profile selected. However, when long slant
paths at large zenith angles or nearly horizontal paths are under consideration, more care must

be taken in the selection of a proflle; especlally, if data are required near the strongly absorbing
2.7- and 6.3-u bands.

SUMMARY

Since the H20 distributlon has a significant temporal and spatial variation, choosing a
published Hzo profile to use for a particular application is a nonexact process. For high-
altitude paths, above 20 km, Gutnick's profile or Zachor's suramr proflle probably will yield
the best resuits, At above 20 km their profiles are very representative of the decrease in
concentration of water vapor with increasing altitude. For altitudes of between 10 and 20 km,
near the bend in the profile, the most recent measurements [128, 128] irdicate the use of a
profile whose minimum concentration is approximately 2 x 10'3 ¢/kg. Murcray's 1964 profile
and the MRF data then would be the best to use. As for low-altitude paths, below 10 km, almost

any profile can be used, yielding as good resuits as can be expected.

The moisture profiles presented herein undoubtedly will yield better data as the state of

the art advances. This is especially desirable as there is still a questiun as to the exactness
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of the stratospheric data. However, despite the limitations, it apperrs that the present knowl-
edge of the Hzo distribution will be sufficient untif the expected revisions appear.
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FIGURE 61. COMPARISON OF SPECTRA FOR HORIZONTAL PATH 19 KM LONG AT 15.5-KM
ALTITUDE. Each spectrum was computed for the respective profile shown in figure 60.
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5
SUMMARY OF OPEN-AIR FIELD MEASUREMENTS OF ABSORPTION SPECYRA

As was mmentioned in section 3,14, perhaps the best approach to evaluating the quality of
methods for computing atmospheric absorption based on band models i8 a direci comparison
of comyuted atmospheric attenuation spectra with spectra obtained rom open-air measure-
ments. l1an attempt to facilitate such comparisons in this report, a bibliogr 1phy was assembled
which repiesents a reasonably complete listing of the measurements that have been made which
were reduced to ahsolute values of absorption versus wavelength, Table 31 presents a summary
of the measurements included in this bibliography. Such pertinent information as path desecrip-
tion, spectral region considered, resolution, and instrumentation is included in order to give
the researcher a basis for selecting open-air data to be used for comparison with spectra

computed by any of the methods presented in section 3.
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6
SUMMARY OF LABORATORY MEASUREMENTS OF HOMOGENEOUS-PATH SPECTRA
As was mentioned in section 2.3, derivirg a method for the computation of atmospheric
absorption spectra entails empirically fitting aband-maodel function to a collection of homo-
geneous absorption spectra. Table 32 presents the results of researchers who have published
the maln body of competent laboratory measurements of absorption spectra, including the

information necessary to facilitate choosing the best data for a given application.

The purpose of the table is twofold. First, 1t is Intended for those who wish to perform
thelr own empirlcal fits of existing band-mouel functions to laboratory data, or to emplrically
fit newly derlved transmissivity functions. Second, it is intended for those who wish to see
whether or not a particular method based on a band model is consistent with the slant paths
under consideration (i.e., to ensure that the slant-path absorber concentrations are bounded
by the laboratory data). In choosing a particular set of data one is referred to the suggestions
in section 2.3, with emphasis on one particular point, To obtaln best results, the ranges of
absorber concentration and equivalent pressure specified for the laboratory data should en-
compass the intended range of W and P for which the researcher intends to calculate atmo-
spheriz transmisslon.

It can be observed from table 32 thau only three authors, Howard, Burch, and Walshaw, pre-
sent data of sufficient range of W and P that they can be vsed in a {itting procedure. In fact, fora
great many applications, even their data are of questionable utility. For instance, a slent
path at a zenith angle of 60° extending throvgh the entire atmosphere contains approximately
prcm Hzo reduced to STP. Inthe table, however, it is seen that no researcher has carried
out measurements with samples of Hzo in excess of about 4 pr cm. Therefore, to predict
abscrrivn for such a path by a band-model metl:od based on these laboratory data would require
extrapolation of the data, which in general yieids poor results. It would be de.irable to obtaln
further laboratory measurements, particularly those measurements containing a large amount
of absorber, for a broad range of equivalent b: adering pressures. However, because the
present state of the art is inadequate in this area, the researcher must content himself with

the available data until further measurements are perfored.

There is one final recommendation for thoese who wish to use the data cited in this section
for performing empirical fits. Although the referenced works present curves that c¢an be used
directly, it is suggested that an attempt be made to secure better representations of the data

by directly coutacting the prople involved in taking the latoratory measurements.
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7
COMPARISON OF ATMOSPHERIC MOLECULAR ABSORPTION SPECTRA

In this section, moiecular absorption spectra computed by each of the methods presented
in seciion 3, except that of Elder and Strong, are compared with slant-path fieid w:eagsurements
of absorpiion and with absorption spectra caiculat:d by the rigorous method. Abscrption spectra
were also computed by each of the band-model methods for five atmospheric paths common to
muny infrared appiications; these data were piotted on a common graph. The comparisons
presented are indicative of boih the degree of "spread” in the data and the accuracy with which

"computed spectra"* can approximate the true absorption spectra for an atmospheric path.

7.1. COMPARISON OF COMPUTED SPECTRA WiTH SPECTRA MEASURED BY TAYLOR AND
YATES

Figures 62 and 63 are comparisons of measured and computed spectra for a 1000-ft,
horizontal, sea-ievel path. The measured data were recorded by Tayior and Yates [42] using
a Modei 83 Perkin-Elmer monochromator with a iithium fivoride prism for the region from
1.0to 5.5 u and a Modei 12-C spectrometer with a sodium chioride prism for the region from
5 to 16 u. The average resolution of the measured data, A/AA, is about 300.

For this path only CO2 and H20 contribute significantiy to absorption. Nitrous oxide
absorption is observabie at approximately 4.5 1 but is only a minor contributor. The concen-
tration of H20 was determined by Vaylor and Yates from average values of temperature,
pressure, and relative humidity measured aiong the path. The atmospheric centimeters of
CO2 and N20 were calcuiated assuming mixing ratios of 320 and 0.28 ppm, respeciiveily. The
effective broadening pressure for ail gases was taken to be 760 mm Hg. Using the path param-
eters noted on figures 62 and 63, we caiculated the absorplion spectra by each of the methods
of section 3; the resuits are superposed on the Taylor and Yates spectra. Nitrous oxide absorp-
tion was computed only by the methods of Oppei, Green and Griggs, and Aitshuler since the
other researchers did not develop transmissivity functions for this gas.

A cursory examination of figures 62 and 63 shows that the comparison is better in some
spectrai regions than in others, but in generai the spread in the data is rather large. The best
generai agreement of the various spectra is dispiayed in the spectral region from 2.5 to 3.0
and the greatest divergence is noted from 4.5 to 5.0 .

*The term "computed spectra" refers to spectra computed by the methods of section 3
and is not to be confused with the rigorous caiculation.
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Unfortunately, no single method ylelds results that compare with the measured data for
the entire spectral Interval displayed; however, gach method compares well for certain Inter-
vals. For example, the results of Oppel are in extremely clowe agreement with the data of
Taylor and Yates from 2.5 ¢ to the center of the 4.3 bard but are In relasively poo. agres-
ment from 4.4 u to 5.0u. Oppel's data agree reasonably well for each of the three short-
wavelength HZO bands but indlcate Hzf) absorption centered at 2.5 p that is not present In the
measured data o:* other computational methods. Stull et al. show H20 absorption at sllghtly
shorter wavelengths (approximately 2.1 i) that ls stronger and has a different spectral charactes-
Stull's results for thls region also are not. in agreement with other sources of data. The rea-

sons for these differences are not known at the present tlme.

After careful examination of the figures, slmilar general observations can be made con-
cernlng any one of the many methods. A critlcal analysis of the reasons for a particularly
good agreemert or a pour agreement for a given method Is difficult to perform because of the
many varlables Involved in its development. However, a general dlsagreement between measured
and computed spectra can in some instances be attrlbuted to the laboratory data used in the
development of the computatlonal methoad selected. In certain cases the disagreement can be
attributed speclfically to the laoboratory data. For example, for the three Hzo bands centered
at 1.14, 1.38, and 1.B8 u, respectlvely, there is noted a spectral shift between the measurad
data and the spectra computed by the methods of Altshuler, Zachor, and Greer and Grlggs.
The spectru of these researchers are consistent wilth the laboratory data used to specify the
spectral absorptlon coefficients —each used the data of Howard et al, —therefore, the disa-
greemerdi is attributed to differences Intwo sets of measured data, that ohtalned by Howard
and that obtained by Taylor and Yates., Most researchers are In general agreement that the
spectra of Taylor and Yates are spectrally correct lor all three uzo bancis, and Oppel has
shifted hls results an approprlate amount to achieve a better spectral agrzement for these
bands.

The c.mparlson presented in flgures 62 and 67 indicates that through a proper choice of
computational methods for each of the respective absorptlon bands a slngle spectrum could be

cosaputed which ls in very good agreement with the measured data of Taylor and Yates.

The spectra prevlously discussed demonstrate, to a llmited ¢ 2nt, the type of comparison
obtainable for each of the absorptlon bands througnout that portion of tae infrarec spectrum of
interest to the infrared researcher. (The only band that was not represented ls the 9.6-u 03
band slnce 03 does not exlst in sufficient qua tity at sea level to cause an observable amount

of absorption for a 1000-ft path.) Tt would Indeed be enllghtenlng if extensive comparlsons
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could he made between measured and computed spectra for the entire spectral intervai [or a
varlety of absorber concentrations and equivaient pressures. Unfortunately, measured data of
guch extent do nct exist to facilitate such comparisons. ‘l'he experime-talists have confined
their extensive field-measurement programs almost exclusively to the measurement of spectra
for only the ceniral portion of the 2.7-4 and 4.3-4 bands. Therefore, comparison between
computed and measured spectra of reasonable extent could be made only for these spectral
regions. Future measurement programs will hopefully be concerned with the other bands and

the window regions.

1.2. COMPARISON OF COMPUTED SPECTRA WITH THE RIGOROUS CALCULATION FOR
THE 2.7-4 H,0 BAND

To emphasize the appearance of H20 computed spectra for the 2.7- 1 band under conditions
of high resclution, omparisons of spectra calculated by the rigorous method were made with
computed spectra jor two homogeneous paths which contained nzo as the only absorber. The
spectral region fo:- which the comparisons were made extends from 2.5 g to approximately
2.86 .

Gates et al. [ calculated the H20 absorption spectra at infinite resolution by summing
the contribution to absorption of approximately 4500 lines. These spectra were then degraded
to a iower resolutitn hy scaaning the spectra with a triangular slit function which is given by
Svy=a- |v- vll vhers a = 1.0 cm” * 18 one-half the spectral slit width. Spectra were com-
puted by each of the pard-model of section 3 methods and superposed on the Gates data. ‘The
results are presented in figures 64 through 75. The absorber concentration used in calculating
the spectra presented in {igures 64-69 is approximately that amount of I{20 which would exist
in a sea-level path 1 m long with the relative humidity equal to 50%. For the same atmospheric
conditions, the equivaiemn path iength for the spectra presented in figures 70-75 would be 10 m
iong. To further aid the comparison of the two sources of data, the Gates spectra were
smoocthed to a resolution approximateiy equal to the resolution of each respective computed

curve.

After a cursory examinaticn of the data presented in these figures it becomes obvious that
the spectra computed by the Fard-model methods are of very low resolution when one notes
the extremely finre structure inherent in HZO molecular absorption. The resolution of the band-
model spectra ranges from approximateiy 40 crn'l for the methods of Altshuler, Howard et al.,
Green and Griggs, and Lindquist, to approximately 10 crn'l for Oppel's method. Theoretically,
the resolution of band-modei methods for H20 is limited to a spectral interval which contains

a sufficient number of lines to cause the infinite product of the statistical model to converge
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COMPARISON OF CALCULATED {RIGOROUS) SPECTRA OF GATES WITH COM-

PUTED SPECTRA OF ALTSHULER, Resolutivn of smoothed Gates curve is 40 cm-1,
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FIGURE 65. COMPARISON OF CALCULATED (RIGOROUS) SPECTRA OF GATES WITH
COMPUTED SPECTRA OF HOWARD, BURCH, A% WILLIAMS. Resolution of emoothed
Gates curve is 40 cm-1,
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FIGURE 66. COMPARISON OF CALCULATED (RIGOROUS) SPECTRA OF GATES WITH COM-
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FIGURE 67. COMPARISON OF CALCULATED (RIGORQUS) SPECTRA OF GATES WITH COM-
PUTED SPECTRA OF GREEN AND GRIGGS. Resolution of smoothed Gates ia 40 cm-1,
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FIGURE 68. COMPARISON OF CALCULATED (RIGORQUS) SPECTRA OF GATES WITH
COMPUTED SPECTRA OF STULL, WYATT, AND PLASS. Resolution of smoothed Gates
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FIGURE 69. COMPARISON OF CALCULATED (RIGORQUS) SPECTRA OF GATES WITH
COMPUTED SPECTRA OF OPPEL. Resolution of smoothed Gates curve is 10 cm‘l.

197




WILLOW RUN LABORATORIES

TRANSMISSION (%)

TRANSMISSION (%)

¢ (premH,0 P=760mmHg Slit Width = 2.0 em™1
;:, T T ] T T T 1 ]_! g gy Y | L I_l_l'"l 1 l |_
All.nhuler -
ol 14 | “ HM [ o
of |||M Hw | ] | : I | ‘!‘JJ -
2R T [ AR g
““ll\“\f|| Iﬂlur,l, ] ]
]:._.._.L_I_' l 1”' ﬂ ' h | 1y r LA "l'f
4000 2060 3800 3850 3800 3780
WAVENUMBER [om "1}

100 — T L (T TS B T VL T . Y BT M. ] T2l 1. 1
80 r e
- H\ |

B0 .

ﬂJ.

40 |

Eﬂ: =0
20 —
1] —

o

3600 3550
WAVENUMBER [ em 1)

FIGURE 70. COMPARISON OF CALCULATED \RIGOROUS) SPECTRA OF GATES WITH

COMPUTED SPECTRA OF ALTSHULER. Resolutlon of smoothed Gates curve is 40 cm-1,

198




¥ ol

WILLOW RUN LABORATORIES

1

0.01 pr cm H,0 P =760 mm Hg Slit Width = 2.0 em”
I'I|'llll]_|li'|!'llrllflll

TRANSMISSION (%)
c 5 EES B g2 88

WAVENUMBER (cm' 1)

-

H f T 1 T ] 'r L] ] T 'i' T 1 1 [ | ! | r Iﬂl I

TRANSMISSION (%)
EBE s 88 388 B

i
o o

|
LW M
a7s0 aroo 3850 3800 3650 3500
WAVENUMEBER |om- 1)
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Gates curve is 40 cm-1,
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FIGURE 72. COMPARISON OF CALCULATED {RIGOROUS) SPECTRA OF GATES WITH COM-

PUTED SPECTRA OF LINDQUIST. Resolution of the smoothed Gates curve is 40 cm-1,
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202

curve is 20 cm-1.




WILLOW RUN LABORATORIES

0.01 pr cm H,0 P =760 mm Hg Slit Width = 2,0 em’!
b e I S I B SRR B R A A R R AL L LN A .
so}= -
2 =i NAVT U fmer
% wlil u |i|| i h l_'. '|'l f ' | NN ‘i =]
iR Ik wN T t "'- I NA n
% 'I-I:I:]: J] .:'. [ I: .Ju | ||| A’ i ". i |-,J|I N
(s 30 | QH| i v g I_.|I I.| | I.| i I|I I:| I‘.' -
B agl— 1 N | s | Ill:hl || | ||. i N III—-
ARl WD G IR,
gl—L 1 | H N | LLJ._"II'Jl "HHLLIL'IHJ E.
4000 2960 3800 3860 3800 3780
WAVENUMBER [cm 1) B
1
100
20
£ s
Z 70
o
n 80
g =
‘g 40
= 30
2
10
0
WAVENUMBER | cm- 1)

FIGURE 75. COMPARISON OF CALCULATED (RIGORQUS) SPECTRA OF GATES WITH
COMPUTED SPECTRA OF OPPEL. Resolution of smoothed Gates curve is 10 em-1,
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s’

to an exponential {see sec, 2,2.4). For n =50, where n is the number of llnes ln a glven spec-
tral Interval, the exponential approximates the inflnlte product to an errer = 0.01. For the
2.T-p }120 band a spectral interval of approximately % c:rn'l would be requlred to Include 50
lines, so tiie maximum resolution obtainable for this spectral region has nearly been achieved
by Oppel. In general, It is not practical to attempt to achieve the maximum resolution obtain-
able from the statistical model since the computational labor required in performing the em-
pirlcal {it becones excesslve and the latoratory data must have a nearly preclse spectral
calibration. It is suggested that if ext:emely high resclution spectra are required, the exact
calcuiation shouid be uscd rather than a band-model method.

Note in the figures that, for each curve, as the spectrai interval cf comparison becomes |,
larger the comparison between the average values of transmlssions improves. To demonstrate
the comparison for the entire spectral region presented, each curve was integrated from 4000
to 3500 cm”™ ! and the values of T and JAdr were Cetermined. The results are presented in
tables 33 and 34. Note that the maximum difference between the Gates data and computed data
is iess than 18%.

One factor that contributes largely to thls difference is that the computed spectra are
consistently higher than the Gates data for the spectral region from 4000 to approximately
3500 cm-l. Thls difference results from the laboratory data used to determine the absorption
coefficients used In the band-model methods. That is, the computed spectra are consistent
with the laboratory data for this spectral region. Hence, the differences betweenthe Gates data
and the computed spectra result from a difference between the laboratory data and the Gates
spectra, and is therefore not characteristic of the band model. This difference suggests that
even though spectra obtained by the rigorous method are of very high resolution and supposedly
highly accurate, such results should not be accepted as correct until they are supported by ex-
perimental data.

Unfortunately, an experimentai measurement for this amount of H,O is not available. so it

2
is not possible to cetermine the corrections of any single spectrum. However, the spread in
the data is suffic.ently small to indicate that the probable error between any of the given values

and the true values would be tolerable for mast broadband systems applications,

7.3, COMPARISON OF COMPUTED SPECTRA WITH SLANT-PATH FIELD MEASUREMENTS
FOR THE 2.7-z BAND

Thn Canadian Arriament Research and Defense Establishment (CARDE) [140] recorded

many infrared solar spectra for ihe 2.7-p H,0 and CO, bands at manv different eievation angles
- &
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TABLE 33. VALUES OF AVERAGE TRANS-
MISSION AND TOTAL-BAND ABSORPTION
FOR THE SPECTRA PRESENTED IN
FIGURES 64-69. Integratlors were
taken from 2.5 to 2.8571 u.

Author T Adv
Altzhuler 0.760 119.8
Howard, Burch, and 0.826 87.1

Willlams
Lindquist 0.796 102.1
Green and Grlggs 0.702 149.2
Stull, Wyait, and Plass 0.803 98.4
Oppel 0.831 B4.5
Average 0.786 106.9
Gates 0.765 117.5

TabLe 24, VALUES OF AVERAGE TRANS-
MISSION AND TOTAL-BAND ABSORPTION
FOR THE SPECTRA PRESENTED 1IN
FIGURES 70-75. Integratlons were
taken from 2.5 to 2.8571 w.

Author T .[Adv
Altshuler 0.436 281.9
Howard, Burch, and 0.464 267.9

Willlams
Lindquist 0.431 284.7
Creen and Griggs 0.378 310.8
Stull, Wyatt, and Plass 0.473 263.3
Oppel 0.415 292.6
Average 0.433 283.5
Gates 0.397 301.5
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with electro-optical equipment installed i an RCAF CF-100 Mark 4 jet aircraft. Almost all
measurements were made In the reglon of Cape Kennedy, Florida, at altliudes of 10.7, 12.2,
and 13.7 km. These data were reduced to absolute values of slant-path transmlssion from the
aircraft to the top of the atmosphere. Three reprrsentatlve spectra were selected from the
CARDE data and each iz compared to spectra computed by the methods of sectlon 3.

Dolgre the computations could be performed it was necessary to determine for each path
the effective broadening pressure and abhsorber concentratlons for the two absorbing gaser.
Hzo and COZ' These slant-path parameters were calculated with the program described In
appendix 1 using the following input data:

(1) Pressures and temperature proflles were taken from the U. 5. Standard Atmosphere
1962 sinve the exact pressure and temperature distributions existing at the time of the measure-

ment are not known.

(2) Carbon dioxide was assumed to be uniformly mixed at 220 ppm:. Because of the unl-
formity in the CO2 measurements described 1n section 4.2, this approximation is feit to be quite
valid.

{3} The amount of water vaper in each of the paths was taken from the work o” Lindquist
[136]. He determlned the amount of water vapor in each of the CARDE paths by comparing the
CARDE spectra with infinitely resvived water vapor spectra in the 3847- to 3860-c m.l region

(where no CO,, absorption exists). The water vapor spectra were c:lcuiated by the rigorous

2
method empioying a direct siant-path preesure integration, For the rigorous calculation,

Lindquist used the line positions and lire parameters of Gates et ai. [7].

The slant-path parameters calcuiated by the computer program described in appendix {
using the above meteorological data are presented on each of the figures lu conjunction with
the altitude, zenith angle, and resolution of the CARDE data. These slant-path parameters
were used to compute the absorption spectra by each of the methods discussed in section 3
which are applicable io the 2.7-u band, and the resuits of these computations are presented in
figures 76 through 90. As for the Gates data, the CARDE data were smoothed to a resolution

comparabla to the resolution of the computed spectra.

In gereral, the comparison of compi:*ed and measured spectra is surprisingly close. The
methods of Aitshuler and Zachor yield spectra that dispiay the greatest divergence from tne
measured data, and the methods of Stail et al., Green and Griggs, and Oppel show the best
agreement. Oppel's spectra for ail varce paths show remarkable agreement considerlng the

procedures invoived. All awnors, however, are in general disagreement willi the CARDE daia
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FIGURE 77. COMPARISON OF CARDE SOLAR SPECTRA WITH COMPUTED SPECTRA OF
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for the spectra region from 3800 to 3800 Cm'l. The cornputed data are high on the average

by approximately 10 percentage points in transmission. Oppel's spectra show oetter agreement
for this spectral region than do any of the other data. Since general disagreement for broad
gpectrai intervais is usually related te the laboratory data, indications are that the data of
Burch et al. [1} are ix: closest agreement to the CARDE data,

To further compare the computed and measured data, «verage transmission and integrated
absorption values were determined for each curve, The resuits are presernted in tabies 35, 36,
and 37. The path containing the least amcunt of absorber represented in figures 76-80 shows
the best comparison with the CARDE data. The values of Oppel and Stul! e* ai. compare almost
exactly. As the quantity of absorber increases, the comgarison is siightly poorer, as noted for
the paths shown in figures 81-80. However, in .1l cases, the difference i8 no greater than 8

percentage points and in general is much iess. For most apptications, such resulits would he
more than adequate.

7.4. COMPARISON OF COMPUTED SPECTRA WITH SLANT-PATH FIELD MEASUREMENTS
FOR THE 4.3-: BAND

The next series of comparisons is indicative of the degree of accuracy with which the band-

model methods can predict absorption for the 4.3-p CO2 absorption band for high-aititude slant
paths.

Kyle et al. [149] made a series of high-aititude, bailoon-bor:e solar-spectra measurements
for the 4.3-u CO2 band which were reduced to absoiute vaiues of transmission. Three spectra
were selected from Kyle's work, representing siant paths extending from 30, 25.6, and 15.2 km,
respectively, to the iimit of the atmosphere. These three paths were selected to facilitate
comparisons for levais of absorption that extend from that which is relatively weak to that which
is reiatively strong.

To compare these spectra with spectra calculated by the band-model m<tiods, it was first
necessary to determine the equivalent path parameters for each of the Kyle paths. These
parameters were computed with the computer program previously described, using the same
input data that were used for the determination of the equivalent parameters for the C.ARDE
paths. Water vapor data were not required for this computation since H,0O does not absorb in
the 4.3-u band. The aititude, zenith, CO2 absorber concentration, and e(;uivalent pressure are
noted on each figure.

The first of these comparisons (fig. 91) demonstrates the comparison between measured
and computed spectra for an extremeiy high altitude slant path. It is noted that the results of
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TABLE 35. VALUES OF AVERAGE TRANS-
MISSION AND TOTAL-BAND ABSORPTION
¥YOR THE SPECTRA PRESENTED IN
FIGURES 78-80. Integrations were
taken from 2.5 to 2.8571 p,

Author T f Adv

Altshuler 0.683 158.8

Zachor 0.654 172.9

Green and Griggs 0.681 159.7

~ Stull, Wyatt, and Plass  0.663 167.1
Oppel 0.669 165.3

Average 0.671 184.7

CARDE 0.668 166.0

WILLOW RUN LABORATORIES —

TABLE 38. VALUES OF AVERAGE TRANS-
MISSION AND TOTAL-BAND ABSORPTION
FOR THE SPECTRA PRESENTED IN
FIGURES 81-85. Integrations were
taken from 2.5 to 2.8571 u.

Author T fAdv
Altshuler 0.826 188.9
Zachor 0.598 201.9
Green und Griggs 0.608 197.1
Stuil, Wyatt, and Plass 0.613 193.3
Oppel 0.595 2062.3
Average 0.607 196.3
CARDE 0.557 221.5

TABLE 37. VALUES OF AVERAGE TRANS-
MISSION AND TOTAL-BAND ABSORPTION
FOR THE SPECTRA PRESENTED 1IN
FIGURES 86-90. Integrations were
taken from 2.5 to 2.8571 p.

fAdv

Author T
Altshuler 0.415 292.5
Zachor 0.400 300.1
Green and Griggs 0.400 300.1
Stull, Wyatt, and Plass 0.414 293.1
Oppel 0.392 303.1
i Average 0.404 297.8
E CARDE 0.368 315.8
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Altshuler compare rather poorly wlth the Kyle data, possibly because the laboratory data of
Howard et al. used by Altshuler to determine the absorptlon coefflcient dld not Include paths
containing quantitles of absorber as small as those contalned 1n thls partlcular path. Therefore,
the resuits of Altshuler are extrapolations of the laboratory data rather than lnterpolations, a
condition which should be avoided.

The remaining five methods all compare reasonakly well, showing a maximum difference
in the center of the band of approximately 20 percentage points In transinlssion. The spectra
of Carpenter show the grestest amount of absorptlon and Bradford's spectrs show the closest
agreement. Each of the spectra was integrated to determlne values of average transmlsslon,
and it is noted froni tna data presented In table 38 that all of the Integrated values compare to
the Kyle data within 7 percertage points, the methods of Bradford, Oppel, and Plass compare

almost exactly.

The next comparlson (fig. 92) has an absorption level approximately 25% hlgher than that
displayed In flgure 91. Altshuler's spectra are high by an amount approxlmately equal to that
shown In the previous comparison. The spectra of Bradiord, Oppel, Plass, and Carpenter show
a slightly better agreement In the central portlon of the band, but thelr integrated values {note
table 39) compare as those shown ln table 38. The spectrum of Green and Griggs does not
compare as well as that shown prevlously, the integrated value belng less than the measured
data by approximately 10%, as compared to a difference of less than 4% for the spectrum shown
in figure 91.

Figure 93 emphasizes the comparison of the Kyle and computed spectra In the wings of the

band, the absorber concentration belpg suffleient to cause total absorpticn in the center of the

band. The spectrum of Carpenter is the only one which compares well for the short-wavelength
edge of the Kyle spectrum. For the long-wavelength edge of the band, the spectrum of Plass
compares best. The Integrated values of absorption given in table 40 demonstrate, as for the
two previous comparlsons, that the methods of Bradford, Oppel, Plass, and Carpenter yleld
values of average transmission that compare extremely well to the Kyle values, and the values
computed by the method of Green and Griggs are consistently high, Tt is interesting to note that
Altshuler's results were high for the two previous comparisons, but are low by approxlmately
20% for the high-absorption path.

In sectlon 3 it was shown that Altshuler used a transmlsslvity functlon for the 4.3-p CC)2
band that was empirically derived and that Green and Griggs employed the statisticzl model,
whareas the methods of the other four authors were based on the Elsasser model. Since the

line structure of CO? is assumed to be more regular than random, the Elsasser model reportedly
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TABLE 38. VALUES OF AVERAGE TRANS-
MISSION AND TOTAL-BAND ABSORPTION
FOR THE SPECTRA PRESENTED IN
FIGURE 91. Integrations were taken
from 4.1 to 4.5 pu.

Author T J- Ady
Altshuler 0,856 31.3
Green and Griggs 0.830 36.8
Bradford 0.730 48.4
Oppel 0,791 46.0
Plass 0.796 44,9
Carpenter 0.748 55.4
Average 0.800 43.8
Murcray 0.793 45,6

WILLOW RUN LABORATORIES

TABLE 39, VALUES OF AVERAGE TRANS-
MISSION AND TOTAL-BAND ABSORPTION
FOR THE SPECTRA PRESENTED IN
FIGURE 92. Integrations were taken
from 4.1 to 4.5 u.

Author T f Adv
Altshuler 0.698 65.4
ureen and Griggs 0,714 62,2
Bradford 0.647 1.9
Oppel 0,846 77.¢
Plass 0,631 81.2
Carpenter 0.619 83.8
Average 4.654 74.7
Murcray 0.643 78.5

TABLE 40. VALUES OF AVERAGE TRANS-
MISSION AND TOTAL-BAND ABSORPTION
FOR THE SPECTRA PRESENTED IN
FIGURE 93. Integrations were taken
from4.1to 4.5 u.

Author

Altshuler
Green and Griggs
Bradiord

Oppel
Plass

Carpenter
Average

Murcray
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0,302 151.2
0.405 132,0
0.360 140.9
0.341 145.0
0.339 145.4
0.377 137.1
0.354 140,2
0,367 137.4
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descrlbes the llne structure more accurately than does the statistical model. The spectra
presented in flgures 91, 32, and 93 seem to support this statement. Hence, the divergence of

the results of Green and Griggs and Altshuler from the Kyla data can possibly be attributed t
the model selection,

7.5. COMPARIBON CF COMPUTED SPECTRA WITH THE RIGOROUS CALCULATION FOR THE
15-u BAND

The next absorption band that was selected for coinparison was the 15-u C()2 band, Un-
fortunately, experimental field measurements {or at:nospheric slant paths do not exlst for this

spectrai region; therefore, comparlson could be made only among the various calculated spectra.

Drayson [5], uslng the rigorous method, calculated the spectral transmission from 500 to
859 cm-l ai infinite resolution, then averaged his results over various waverumber intervals.
The spectra presented here were averaged over 5-¢ m'l intervals. His calculations were made
for slant paths thal extend froia a point outsid : the earth's atmosphere down to 34 different
pressure levels, ranging from 0.3 mb (0.0223 mm Hg) to 1013.25 mb (760 mm Hg), for six
zenith angles, 09, 159, 300, 459, 60°, and 75°. Drayson integrated the exact transmissivity
function dlrectly with respect to pressure —eiiminating the need for the Curtls-Godson
approxlmation—assuming a Lorentz pressure-broadened line shape {or high pressures and a
mixed Doppler-Larentz line shape for pressures lower than 100 mb (7.51 mm Hg). The temper-
ature and pressure profiles given in the U. S. Stardard Atmwosphere 1962 were assumed through-

out, and the mixlng ratio of CO2 was consldered by Drayson to be constant at 314 ppm,.

Four paths were selected from Drayson's work and his results are compared with spectra
conlputed by the methods of Altshuler, Elsasser, and Plass, which are presented in figures

94-97. The spectra of Altshuler and Elsasscr were cumputied using the equivalent path param-

eters noted on each curve and the medel atmosphere used by Drayson. The spectra of Plass
werc taiten directly from his published tables [63], which were based on the work of Stull et al.
[62]. Plass used values of pressure and temperature taken from the ARDC 1959 model atmo-
sphere and a CO2 mixing ratlo of 330 ppm compared to 314 ppm used by Drayson. However,
the differences in the model atmospheres used by the two researchers has a small effect on

the final transmisslon values.

The first two of the four comparisons (figs. 94 and 95) are for slant patas extendlng from
15 km to the limit of the atmosghere at zenith angles oi 75° and 0%, respectively. The aniounts
of CO2 given on the figures are the equivalent amounts of CQ, for sea-level paths (W"), which

2
explains the values of equivalent pressure. The high-resolution spectra indlcate that there
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are four distinct regions of relatively high absorption. These are the maln P branch and the
three main @ branches. As the quantity of absorber and the effective broadening pressure
changes, the contribution to absorption of the spectral llnes whose centers lie wlthin these
main branches varies such that the relative spectral character of the 15-u CO

2
markedly. It is for this reason that the use of a band model for this band ls unsatisfactory if

band changes

highly accurate results are requi- ed. This is borne out particularly by figure 95. Plass's
spectrum shows a maximum absorption hetween the main P and Q branches while the rigorous
calculation shows a definite minimum. Also, it Is noted that the spectra based on band models
show a levei of absorgtion that is consistently higher than the spectra calculated by Drayson.
Elsasscr gives an average band transmission that is approximately 18 percentage points lower

than the Drayson value. The values of Altshuler and Plass compare somewhat better,

The last two comparisons (figs. 96 and 97) were made for slant paths that extend through

the entire earth's atmosphere to demonstrate the comparison under conditlons of high absorp-

tion. Plass did not Include low-altitude paths in his tables, s0 hls results could not be compared.

For these paths the comparisons between computed spectra and the rigorous calculation are
considerablr better because the greatest contribution to absorption occurs at low aitltudes
where the pressures are relatively high, For this band, because of the nature of the spectral
line absorption, the Elsass<r model and the Curtis-Godson equivalent pressure become better

approximations as the pressure and absorber concentration increase,

It is impossible to state conclusively that any one spectrum is more correct than some
other spectrum; however, because of the apparent inadequacies In the band-model approach,
the spectra of Drayson are more probably correct. Indeed, a series of slant-path field mea-

surements for this spectral region would be enllghtening.

7.6. GENERAL COMPARISON OF COMPUTED SPECTRA

All of the figures presented thus far present comparisons of computed spectra with elther
experimental fivld measurements o1 with spectra obtalned using the rigorous calculation. The
next series of curves incfude only spectra computed by the niethods of sectlon 3 for five slant
paths common to a variety of Infrared applications. For each path, the three parameters W*,
W, and P were computed for each gas, using the model atmosphere described in sectlons 7.1
and 7.3 for temperature, pressure, and (‘,‘O2 and N20 mixing ratios. The mixing ratio used for
H2O was the IRMA wet-temperate model [134]). The mixing ratio used for O3 was a shifted
Elterman profile (see sec. 4.5) that yields 0.44 atm cm 03 for a vertical path through the en-

tire atmosphere. Using these path parameters, spectra were computed from 1 to 20 2 by each
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author's methcd, except those of Elder and Strong, Bradford, Carpenter, Lindquist, and Howard
et al. These were not considered because each method is applicable only to a single absorbing
gas. The results of the spectral computations are presented in figures 98 through 102, The
path parameters W*, W, and P for each gas are presented on each figure in conjunction with
the geomeiry of the siant path.

The spectra presented in these five figures were included for two reasons: (1)to demon-
strate the general nature of absorption for each of the given slant-path geometries, and {2)to
indlcate the snread in the data for each of the HZO bands, the N20 band at 4.5 u, and the O3
band centered at approximately 9.6 1. The 2.7-, 4.3-, and 15-p bands were prevlously analyzed,

so they are not dlscussed in this section,

Unfortunately, there is not an experimental spectrum available for any of the slant paths
considered in these comparisons; therefore, the correctness of any given spectrum or collec-
tlon of spectra can be neither substantiated nor refuted. It is felt, however, that the spread in
the HZO’ Nzo, and 03 absorption spectra and variation of this spread in the data as a function

of absorber concentration are particularly enlightening.

It is noted in figures 98 through 102 that three of the slant paths bwgin at the surface of
the earth and the remaining two have a minimum altitude of 10.7 km. The most contrasting
results observable from these two distinct classes of slant paths is that H20 shows a relatively
small amount of absorption for all bands except the 6.3-¢ band, which remains almost opaque
at the band center for the path of figure 102, Furthermore, the difference In H20 absorption
between the paths of figures 98 and 99 is quite small, indicating that H20 does not absorb
strongly for altitudes higher than approximately 10,000 ft except for the 6.3-z band or for slant
paths at large zenith angles. Spectra computed by each of the methcds presented in these
figures for slant paths extending from the limit of the atmosfhere down to some 50 different
altitudes for a variety of zenith angles would be required to give a reasonably complete de-
scription of H20 absorption. Since our objective was only to Indicate the type of comparlson

obtainable, such extenslve computaticns were consldered unnecessary.

The HzO sea-level equivalent concentrations_ ;or the paths pr_ezsented in figures 98 through
102 are, respectively, 4.46, 3.09, 27.2, 4.82 x 10 °, and 4.77 x 10 ° pr cm. Comparing each of
these values with the data presented in table 32 shows that all but two of these concentrations
are bounded by the laboratory data. Therefore, the H20 spectra presented in figures 98 through
100 represent extrapolations of the laboratory data. As was mentioned earlier, such conditions
should be avoided to increase the probabillty of reliable results., However, absorption spectra

for these high HZO conccntrations werce included to emphasize the fact thal U spread in Lhe
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data becumes large as the H, O concentration increases beyond concentrations that are bounded

2
by the iaboratory data. In figures 98 through 102, it is noted that the largest spread in the

data exists for the path containing 27.2 pr cm of H,O. Particularly note the close comparison

between the specira of Zachor, Aitshuler, and Grczn and Griggs and how these data differ from
the results of Oppel and Stuii et al. The close comparlson among ‘hese researchers undoubtedly
resuits from tne fact that each used the iaboratory data of Howard et ai. to specify the spectral
absorption coefficients. Also, each used the same foru of the Goody modei in the development
of the transmissivity functicns presented in section 3. Oppel used the same model as Zachor,
Altshuler, and Green and Griggs, but used a different collection of laboratory data. Stuii et al.,
in contrast to the other authors, empioved the quasi-random mode! 2nd used the data of Howard

et ai. oniy to normaiize the equivalent iinc intensities.

The H20 spectra presented and the above discussicn seem (o indicate that the present

state of the art of methods for calculating H,O spectral absorption are rather poor, particuiariy

for high H20 concentrations. An enhancemeznt of the present state of the art would require
laboratory data at sufficiently high concentrations to bound the Hzo concentrations which exist
for long low-altitude paths and atmospheric field measurements to provide a basis for com-
parison. Untii the advent of such data, it is recommended that these methods be applied only
to those paths which yieid concentrations that are bounded by the laboratory data used to define
the absorption coefficient., Under these conditions the spectra presented indicate a spread in

the data that is relatively smali.

A final point, mentioned in section 7.1, is the apparent spectral shift between the spectra
computed by the methods of Zachor. Altshuler, and Green and Griggs and the spectra deter-
mined by the metheds of Oppel and Stull et al. for the h20 bands centered at 1.14, 1.38, and 1.88 p.
Other experimentai sources indicated that the data of Howard et al. contained errors in spectral
calibration, and based on this fact 1t is recommended that the absorption cuefficients deter-
mined by Zachor, Altshuler, and Green and Griggs he shifted specirally to agree wlth the

spectra of Oppel, if their methods are to be empioyed.

Note in figures 98 through 102 that there are significant differences in the spectra for
the spectral region from 4.4 to 4.6 1. Absorption in this spectral region is caused by the
wings of the 4.3 co, band and the 6.3 H20 band, and the N2
imately 4.5 ¢ with N20 giving the longest contribution to absorpiivn. Only three researchers
developed metheds for conputing N,O absorption: Oppel, Greev and Griggs, anG Altshuler.

2
Therefore, the spectra nf Stull et al., Zachor, and Eisasser do not inciude the effects of this

O band which is centered at approx-

gas. The specita thal include Nzo absorption demonstrate a spread in the data as large as
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20 percentage points in transmission at 4.5 2 with no two spectra being in close agreement,
The reasons for these differences are difficult to assess, and until field measurements of
absor ption whiva can be used as a basis for comparison are made, the tools for evaluating

the methods for predicting N20 absorption are not avaiiable.

Figures 98-102 demonstrate that 03 ta a significant absorber at 9.6 u, particularly if the

slant path passes through that region of the atmosphere at which the 03 concentration is a

maximum (see sec. 4.5). The four methods for computing O, absorption yield results that are

3
significantly different, the spread in the data becoming greater as the equivalent sea-level path

concentration decreascs. The spectra for the path containing the least amount of 03 is shown

in figure 99. For this case, the difference between the method which yields the greatest amount

of absorption (i.e., Green and Grigrs) and the method which yields the least (i.e., Altshuler) is

approximately 30 percentage points in transmission. These differences are attributed to a

variuty of inputs: Zachor, Eizasser, and Altshuler used the Elsasser model; Green and Griggs

used the statistical model. Zachor and Green and Griggs used Walshaw's data, Altshuler used
three different sources of data, and Elsasser used Summerfield's data originally and later
inodified his results based on an analysis of Walshaw's data. Elsasser and Green and Griggs

used a linear pressure correction on half-width and Zachor and Altshuler used pressure

corrections that were highly nonlinear {see sec. 3). Such diversified approaches to the problem

and the fact that experimental field measurements of 03

impossible to determine whether one set nf results is more correct than another. Obviously,

abszorption are not available make it

further research is needed for this spectral region.

Considering the spectra presented in figures 98 to 102 in toto, the state of the art does not
appear to be particularly good. especially in the wings of the bands, and hence in the window
regions, for absorber concentration of sufficient magnitude to cause some absorption in the
window regions (note figs. 98 and 100). As the slant-path parameters W and P are decreased
to values that are bounded by the laboratory data (under these conditions attenuation in the
window regions is small), the spread in the computed data beconies small enough to ensure
some measure of reliability in aosorption values for the spectral region from 1.0 to approxi-
mately 4.4 11, but there is still a significant spread in the data for the spectral region from
4.4 u through the 15-u CO2 band. These differences are in general caused by the fact that the
vartous authors used different collections of laboratory data and varied methods of fitting the
band models to the laboratory data.

It appears, therefore, that in order to improve the methods for computing absorption for

the wings of the H,O bands, the N, O band, the 9.6-x O, band, and the 15-u CO2 band more

2 2 3
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rvesearch is required, particularly the measurement of homogeneous absorption spectra to
npdate and close the gap in the presently available spectra and open-air fielll measurements of
absorption which can be used as A basis for comparison. Until the advent of such research,
the infrared researcher must be content with the present state of the art, realizing that thc
greatest reliability is achieved for values of W and P which are bounded by the laboratory data.
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summarized in tables 31 and 32, the following general observations were made

methods based on band models.
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8
SUMMARY AND CONCLUSIONS

Twogeneral methods for computing the absorption spectra for an atmospheric slant path
have been discussed: the "rigorous” method and the method which is based on a model of the
bang structure, The rigorous method involves summing the contrlbution to absorption of each
spectral line and hence is a somewhat exact evaluation of the general transmissivity function for
spectral absorption, This direct iutegration has been performed by Drayson [5] and by Gates

et al, [7] for the 15-u CO, band and the 2.7-u H,0 btand, respectively. The rigorous method is

deslrable slnce any resolution is attainable and for slant-path calculations of absorption the
Curtis-Godson approximation is not required. The method has limited spectral application,

however, since ali of the band parameters for Ct’.)2 and H20 are known accurately for only cer-

tain wavelength intervals. Alsc, the evaluation cf the general function requires extensive com-

putational labor and is therefore considered impractical for many infrared applications.

The second method, that which is based on assuming a model of the band structure, bas

been used by many researchers, resulting in methods for computing slant-path spectral

absorption for every atmosphe:ic absorbing gas for the wavelength region from 1.0 p: through

the long-wavelength rotational HZO band. The reason {7r using band models was to develop

methods which involve a minlmum «mount of computation and yet yield good first-order

approximations to the true spectra. he methods of twelve authors have been presented and
discussed, and spectra computed by each author's method were compared with spectra deter-
mined from open-air field measurement:, spectra calculated by the rigorous method, and spectra
computed by other band-model metiiods, '"he most indicative of these comparisons is that of
"'computed” spectra with siant-path open-ai.- field measurements. Unfortunately, such eom-
parisons were limited to the 2.7- and 4.2-. Lands, since these are the oniy spectral regions

for which measurements were made of s!ant paths under such conditions that the absorber
concertratlons could be determined with reasonable accuracy.

After a careful examination of the compar:tive spectra presented in section 7 and the data

nceraing the

(1) The 1.14-,1,38-, 1.88-, 3.2-, and 6.3-¢ HZO Bands

Ali methods, except Oppel's, were based on laboratory homoge .leous spectra that were

measured prior to 1955 and have a maximum H20 concentration of less than 4.0 pr cm. The

L e a i
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data of Howard et al. are apparently shifted to shorte. wavelengths for the 1.14-, 1,38-, and
1.88-4 H20 bands, which is Inhereni in the methods of Altshuler, Zachor, and Green and Griggs.
The only existing comparative open-alr field measurements are for homogereous paths, and
therefore the W and P approximations could not be evaluated. The comparisons presented for
each of the five spectra) regions (note figs. 98 and 100) indicate large diiferences in absorption
in the wings of the bands and the window regions for absorber concentrations that are not
bounded by the laboratory data. For concentrations which aie bounded by the laboratory data

the comparisons are greatly improved.

(2) 2.7- and 4.3-u Bands

For each of these spectral regizns extensive laboratory homogeueous-path spectra exist
for broad ranges of W and P at relatively high resclution. Reliable slant-path open-air field
measurements of absorption are available for the central portion of the 2,7-u band and for the
entire 4.3-u band. The comparisons {note figs. 76-93) indicate that band- model methods are
capable of yielding good first-order approximations to measured data when the spectra are
averaged over spectral intervals on tlie order of 0.04 4 or larger. At significantly higher
resolution, the band-inodel spectra in genera.l display values which differ significantly from
measured data. These comparisons further indicate that the equivalent sea-level path and

Curtis-Godson approximations can be used effectively.

(3) 4.5-u N2

N20 absorption is the spectral region from 4.4- to 4.6-u i iralnersed in the wings of the
two adjacent bands of CO2 and H20, which makes it difficult to evzluate the state of the art of
methods for predicting absorption due to this gas. However, the differences in the spectra

noted in figures 98 through 102 indicate that the state of the art is relatively poor. There

O Band

exist many homogeneous-path spectra (note tuble 32) for this gas, but only three researchers
have developed computational methods. Since the results of each of these three researchers
are in disagreement, more co:nputational methods and open-air measurements of absorption

spectra will be required befare the state of the art can be improved.

(4) 9.6-p O, Band

For this absorﬁn band the available laboratory homogeneous-path data are extremely
meager. The most recent and only relatively extensive measurements have been made by
Walshaw [34]; these were used by Zachor and Green and Griggs. The methods of Elsasser
and Altshuler were based on data that were less extensive and much older. Cpen-air field
measurements of O, absorption {or paths for which the O

3 3
Therefore, comparisons between computed and measured spectra could not he made. The

concentration is known do not exist.
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intercomparison of computed spectra for this spectral region (note figs. 98-102) displays
results which are significantly different; the greatest amount of divergence is noted for those
paths which contain the least amount of 03. The uncertainties in O, self-broadening, which

3
resulted in slightly different treatmewt by the four researchers, is one factor which contributed

largely to this difference.

{5) 15-u CO,_ Band

Them {.‘02 band has not been considered by most researchers; conszquently, only three
methods for computlng absorption spectra are available, Two of these methods employ the
Elsasser model and one the quasi-random model. Open-air slant-path field measurements do
not exist for this spectral region, 50 comparisons were made between computed spectra and
spectra calculated by the rigorous method. In general, band-model methods tend to overpredict
absorption compa.réd to that calculated by the rigorous method, with the spectra of Stull et al,

which are based on the quasi-random model, being in closest agreement,

These general observations conclusively indicate that the state of the art of methods for
computing atmospheric absorption is far from saturated. Indications are that the concept of
band models and such concepts as the "equivalent sea-level path' and the Curtis- Godson
approximation are theoretically sound, and when coupied with reliable laboratory homogeneous-
pcth spectra and sound empirical procedures, computational methods can be developed which
yield results that are comparable to measurcd data. However, inconsistencies are observable
when the band-model methods are used to compute absorption for absorber concentrations
that are not tounded by the laboratory data. Therefore, to enhance the present state of the art

of band-maodel methods, it is suggested that research should be continued with emphasis on the
following four areas:

(1) Obtain high-resolution laboratory data for all absorbers and all absorption bands for
ranges of concentratlon and pressure sufficiently broad to bound the slant-path parameters
encountered in practice. This would not be a comprehensive program, but one which would
close the gaps in present laboratory data, Such data would thus provide a basis for developing

a consistent set of band-model methods for computing absorption which would not require
extrapolations.

(2) Investigate the varlous methods used for empiricaily fitting band models to laboratory
data and extend such methods, if necessary, to develop a standard method for use by all re-

searchrers,

(3) Determine the band parameters for all absorption bands for the major absorbing
constituents and eventually for all absorbers. This would ailow for the general appllcation of
the rigorous method to any band,
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(4) Obtain atmospheric slant-path, high-resoiution spectra under such conditions that tie
quantity of each absovrber inthe path couid be determined. Such data would provide a true t:st
of the degree of correctness of both the exact method and the methods based on band mode)s.

The author feels that the resuits of the above program should be controlled by a single
agency and utilized so tha! a general program for computing atmospheric transmission could

be compiied and made avai.abie for generai dissen:ination.

A computer program is veing written which utiiizes what we consider to be the op imum
band- model niethod for each spectrai band, seiected frcm the tweive methods presented in this
report. This program, coupied vith the siant-path frograni described in appendix I, will then
provide for computing siant-path transmission spectra which are consistent with the prese:t
state of the art. The program is beinrg written so that it can be easiiy modified as the state of
the art advances. it wiil be published as an addendum to this report,
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Appendix |
COMPUTER PROGRAM FOR CALCULATING W, W*, AND P

The three parameters W*, W, and P are defined by the following relationships:

n

X T
— %ﬁ(%) p(x)dx (100)
0
X
w- j p(x) dx (104)
0
X
j P(x)p(x) dx
p-2 (102)

X
j plx) dx
0

where x = distance along path in meters
P = pressure
T = temperature

p = partial density of absorbing gas

Expressing equations 100-102 in terms of pressure, temperature, and mixing ratio, we have

4 ( n+l
. P(x)
w - | Mk )\P )(T(x)) dx (103)
<0
- 2 Pix) T
W= X M( )( )(T(x))d (104)
rX
P(x)
= % g 0) (T(x))d
P= (105)

X
oo (52 o)

where M(x) is the mixing ratio of a given absorber expressed in moles of gas per mole of air.

Equations 103-105 are then used directly to compute the values of the taree parameters for all
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gases for which the mixing ratio is given in parts per million (ppm) X 10-4. C02, 03, N20,
CO, and CH 4 will ke in these units, W* and W as determined by equations 102 and 104 will be

in atmospheric centimeters,

To compute the values of the three parameters for water vapor, the mlxing ratio in grams
of H20 per kilogran: of air is multiplied by the factor 1,225 x 10_4. Equations 103-105 will

then yield the proper values, wlith W* and W expressed in precipitable centimeters.,

It is noted that the integral

X T by
I(a. b) = M(x)(gs(f.‘l) dx (106)
0 0

is common te equations 103, 104, and 105, Therefore, each of the parameters may be deter-

mined by simply computing equation 106 for different values of a and b, Or,

W =12, n+1)
W=1(1, 1)
= o 12,1
P=Pot 1)

A computer program has heen written in FORTRAN for The Univergity of Michigan IBM 7090

to evaluate i{a, b) for any slant path for which the mixing ratio, temperature, and pressure pro-
files a:r e known as functions of altitude Z, In the following discussion it is assvmed, therefore,

that the paramcter M(Z) is specified for each absorbing gas and P(Z) and T(Z) are given.

The first step in evaluating i{a, b} is to determine the refracted path through the atmos-
prere. Consider a spherical earth surrounded by a spherical atmosphere, It is assumed for
this calculation that the atmosphere exists in spherical shells, each shell belng homogeneous.
Under this assumption the refractive index will be constant throughout a given shell, changing
abruptly as one passes from one shell to the next. The slant path is defined by the lowsst point
in the path Zl' the highest point in the path Zz, and the angle subtended by :1'1 ond Z2 at the

earth’s center (see fig, 103),

The first approximation to the true pach is the straight line joining Z1 and Z,, (see fig. 104},

The angle ¢ is divided iato IN equa! angular increments Mal, A¢2, ey A'éN. where N is de-

termined from the equation

250

&
-

W—-—W

P

S VO v —




WILLOW RUN LABORATORIES

FIGURE 103, PARAMETERS DE-
FINING GEOMETRY OF SLANT
PATH
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FIGURE 104.
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SCHEMATIC DIAGRAM OF ATMOSPHERIC REFRACTED PATH
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Z,-2
. 2 ™1 range
N'= max 9 ==556 ' 2000
where Zi’ Zz and range are expressed in meters. This method of incrementirg the path in-

Surec. w1at a point would be calculated at least every 200 m altitude. a, ic defined as the angle

1

betweer the line of sight and the radial line r,. Point b is the polnt where the line of sight

1
intcrsects the second radial line r2. If a tangent line t

it is obvious that the angle 82 will be given by

1 is drawn through b which 1s normal to

Yo
n Re + Z2

= i —_— —rr— H 107

02 arc sin "1 (Re T 21) sin 61 (107)

when ny and n, are the refractive indexes of the lower shell and upper shell, respectlvely, and

Re is the radius of the earth,
To determine the refractive Index of any given sheil the results of Edlen [151] ard Penndor{
[152] are used. Edlen derived an empirical formula for the refractlve index of air near the
earth's surface:
204810 25540
17 1
146 - 5 41 - <5

22 A2

n_=1+10"%(6432.8+

where n, = refractive index of air at 268°K and 760 mm Hg

A = wavelength In microns

The refractive index is also a function of temperature and pressure which is given by Penndorf's

relationship

1+T_/T,
! I - N | P(Z)
n(Z) =1+ - 1)(1 + T(z)/Ti)P(S)

where T_= 288°K
Ps = 760 mm Hg
Ti = ice temperature
P(Z) = ambient pressure

T(Z) = ambient iemperature

As was stated previously, the refractive index of a given shell is assimed to be constant
throughout the shell. Also, for purposes of this calculation It is assumed that the value of n,
for the ith shell is the value calculated for the lowest altitude of the shell,
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The angle 92 in equation 107 define a new line of sight which intersects the radial line ry
at point C. A tangent line t2 is drawn normal to ra. Then the refracted angle 9'2 is yiven by
Sneli's law as before. This procedure is continued until the path intersects the radial iine
passing through 22 at point d. The altitude difference between Z2 and d is used to increase
the angle @. The entire procedure is then repeaiec untii the point d converges to 22 within
lecs than 10 m, When the final refracted patn is calculated, a range-altitude table is compiled
where the range is measured from the lowes{ point in the path. This table, in conjunction with
M(2Z), P(Z), and T(Z), therefore specifies M(x), P(x), and T(x}. I(a, b) 1s then evaluated using
Simpsen's rule to perform tie integration over x. By simply changing the values of a and b.
each of the path parameters W, W‘, and P can be calculated. The program has the flexibility
of evaluating I(a, b) simultanecusly for as many as four absorbing gases,

A listing of the complete program is presented below. The main program, all subroutines,
definition of symbols, and a step-by-step procedure for inputing the data are included,

Tie main program uses four subroutines:

(1) ATMO. This subroutine calculates the refracted path through the atmosphere hetween
the source and the receiver, The method used is that which was described previously, The
input data required are pressure, temperature, and wavelength, To be completely rigorous a
new path shouid be calculated for each wavelength for which transmission values are desired.,
However, the refractive index of the atmosphere is a slow-varying function of waveiength, s¢
only one path is calculated, The waveiength used is the mean value of the wavelength being

considered for 1 transmission euiculation,

(2) UGRAND. The subroutine UGRAND is a function which calculates the integrand of

-

I(a, b) where I(a,b) = M(x) (%)a(%) dx. The input to the function is the value of x at which
a value of I(a, b) is des?red. The function uses The University of Michigan subroutine TAB to
interpolate for a value of Z (altitude) to correspond to the desired x (range), The same routine
is calied upon for values to be selected from T (temperature) table, P (pressure) iable, and

M (mixing ratio) table., The integrand is evaluated and returned to the integration routine
(SIMPSN]),

(3) SIMPSN. This routine integrates a single function and the ahsolute value of the function
by Simpson's rule, the maximum number of intervals being set by the user. The integration

process is repeated until either the values of both integrals converge to the true values, the
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tolerance being set by the user. or until the Integration has been performed uslng the maxlmum
number of Intervals. The calling sequences for SIMPSN are:

CALL SETSMP (ALWERR, XMAX, DEBUG)
and

CALL SIMPSN (FUNCTN, XCOWLM, UPPLIM, XINTGL, AINTGL)
The first CALL of SIMPSN should be preceded by a call of SETSMP. ALWERR is the tolerance
and is defined as the ratio of the computed error to the value of the integral,

XMAX 1s the maximum number (floated) of equally spaced polnts whlch the routlne will
use in attempting to satisfy the tolcrance. This number will be used by the routine as set by
the user if the number 18 even and in the range 6 to 32766, If XMAX 1s odd and in that range,
it wlll be ireated as if 1t had been XMAX + 1, H XMAX is greater than 3276€, It will be treated
as if it had been 32766, and if 1t is less than 6 it will he treated as if it had been 600,

DERUG 1s a switch which is set to a nonzero value if the user desires to nave the Slinpson

routine printout intermediate information.
FUNCTN is the address of the function which is to compute values of the integrand.
XLOWLM is the floated value of the lower limit of integration.
UPPLIM is the floated value of the upper limit of integration,
XINTGL is the value of the integral obtained.
AINTGL is the valus of the integral of the absolute value chtained.
ERROR ls the estimated value of the error obtained.
AERROR is the estimated value of the error of the integral of the absolute value obtained.

{4) SCAN. The subroutine SCAN is used to find the location of some number X in a linearly
ordered table, The arguments are:

UN the value whose location is being sought

J if J = 0 the tabie is consldered one dimensional if J = 1 the table 1S dimensioned (4, 1)
XLOW the table entry which is closest to, but less than, UN

HIGH the table entry which is closest to, but greater than, UN

KN the Index location of HIGH in TAB

LBH the number of values in TAB
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NO if NO = 0, normal exit
if NO = 1, the UN was not found to be within the limits of TAB (1) - TAB {LBH)

if UN is equal to a value in the table, XLOW equals that value, HIGH is set to zero and
KN to the index of XLOW.

A detailed procedure for inputing the data to the path program is given below which is pre-
ceded by a list of input data symbols:

TMN = Name of temperature table
T = Temperature (°K)
PRS = Namne of pressure table
P = Pressure (mm Hg)
NG = Number of gases
XM = Name of gas
AN = a coefficient of I{a, b)
AM = i‘)coefﬁcient of I{a, b)
XMR = Mixing ratio
FE = Mean latitude of path (degrees)
C = Highest altitude of path {meters)
D = Lowest altitude of path (meters)
PHI - Angie subtended by C and D at earth’s center (radians)
IDB = Debugging switch

Input Data Format
Temperature Table
Card 1 Column  1-3 The nawe of the table
Alil remaining cards 4-€3 Contain 5-12 column fields in floating point. The first
represents the temperature at the earth's surface, with
a total of 261 values.”
Pressure Table Same as temperature
Mixing-Rutio Data
Card 1 Column 1 The number of gases being used = 4
Fixed point.
The following cards through and including mixing ratio are to

be repeated for each gas in order of assigned number (1-4)

*The following tables must have 261 values: temperature, pressure, and mixing ratio,
Entries 1 through 200 are every 200 m; 201 through 261 are cvery 1000 m.
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Card 2 Column 1-3 Name of gas 1
Right adjusted.
4-8 a coefficient corresponding te gags 1 In 1 (a, b).
Floatlng point,
9-13 b coefficient corresponding togas 1 In1 (a, b).
Floating point.
All remaining cards 4-63 Mixing ratio table for gas 1. 12 Column flelds, floating
point, 261 values as for T and P tables. For COz, 03. NZO,
CO. and CH, values should be ppm X 10'4. For H,O values
should be 1.225 x 10'4 x g/kg.

The above, starting at card 2, is repeated for each gas used.
Wavelength Data
Card 1 Colummn  1-4 The value of wavelength for which these calculations are
to be made. Floating point,
Path Data (to be repeated for each path)

Card 1 Column 1-4 "Data" indleating foilowing data as path information.
Card 2 1-12 Latltude (in degrees)
13-24 Highest path altitude (in meters) meagured from earth's
surface,.
Data in columns 1-48 are 25-36 Lowest altitude (in meters) measured from earth's surface.
in floating point. Data
switch in flxed point. 37-48 Angle subtended at earth's center (ln radians).

50 Data switch right adjusted. U zero, data conslst of re-
duced optical path for each gas. If 1, it will include the
maximum value of the range. A value of 2 will include

information from the path calculation.

A complete listing of the main program and all subroutines is presented below. Except for
minor modifications for different executive systems, the program can be used directly on any
computer capable of handling the FORTRAN language.
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1000
10m
102
1004
1005
1006
1008

1013
1015

[sRe e Ne!
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100

MAIN PROGRAM

COMMON Z0,ZR,ZS,PH1 NG XLAM,NF,JG,RS AN ,AM,Z 22.2ZZ,T XMR,P R,IDB,
1c,D

DIMENSION R(501),ZZ(501),Z(261),T(261),P(261),XMR(4,261) AN(6),AM(16)
ZZZ(501),U(4),XM(4)

FORMAT (4E12.7,12)

FORMAT (EZ20.8)

FORMAT (A3,5E12.7/(3%,5E12.7))

FORMAT (11)

FORMAT (A3,2E5.3/(3X,5E12.7))

FORMAT (1H1,40X,34HSPECTRAL RADIANCE AND TRANSMISSION)

FORMAT (1H0,50X.17THTABLES BEING USED//51X ,BHPRESSURE,5X,A3/51X,11H
1ITEMPFRATURE,2X,A3/(51X,3HGAS10X ,A3))

FORMAT (AS)

FORMAT (1H-5TX4HPATH/ /42x8HLATITUDET15,E15.6/42x17HREC EIVER ALTITU
1DET75,E15.6/42x15HSOURCE ALTITUDET75,E15.6/42x15HANGLE SUBTENDEDT?
25,E15.6/42x 24HEMISSIVITY AT THE SOURCE175,E15.6)

UGRAND

READ 1002, TNM,(T{K), K=1,261)

READ 1002, (PRS, (P(K),K=1,261))

READ INPUT TAPE 7, 1004, NG

DC1J=1,NG

READ INPUT TAPE 7, 1005, (XM(J),AN(J),AM(J) ,(XMR{J,X) K=1,261)}

READ INPUT TAPE 7, 1001, XLAM

'DATA' IN COLUMNS 1-4 IMPLIES A NEW PATH
1S TO BE CALCULATED WITH GEOMETRY AND WAVE
LENGTHS FOLLOWING

WRITE OUTPUT TAPE 6,1006

WRITE OUTPUT TAPE 6,1008, PRS,TNM,(XM(J),J=1.NG)
READ INPUT TAPE 7, 1013, DATA

IF(DATA - 6HDATA) 4,2 4

READ INPUT TAPE 17,1000, FE,C,D,PH1,IDB

ZO = 19.61330/(3.085462E-6 + 2.2TE-T*COS(FE) - 2.F-12+COS(4.* FE))
ZR = C+Z0

7S = D+Z0

WRITE OUTPUT TAPE 6, 1015,FE,C,D,PH1

EXT = 0.0

Z(1)=EXT

DO 5 J=2,201,1

EXT=EXT+200.0

Z{J) = EXT

DO 6 J=202,261,1

EXT= EXT+1000,

Z(J) = EXT
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13

10
12

204
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3002

206
2000
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CALCULATE PATH
CALL ATMO
NF = NF
RS=R(NF)
DO 9 J =1,NF,1
ZZ(J) =ZZZ{J)-20
NP = RS/200.
XP = KP
IF (500. - XP) 10,11,11
IF (XP - 10.) 13,12,12

XP = 10.
GO TO 12
XP = 500.
XMAX = XPs6,
R N M
EVALUATE U (R) = INTG(M{NG)*(P/PO) (TO/T} DR)
NG O

AT 'NP' POINTS FOR EACH GAS

CALL SETSMP(1.E-15XMAX,0.)

DO 204 1=1,NG,1

JG = 1

‘CALL SIMPSN (UGRAND,R(1),R{NF),UNIT,ABS)

U{I) = UNIT

1F(IDB) 205,206,205

WRITE OUTPUT TAPE 6, 3002, R{NF),JG,{I,U(l}, I=1,NG)
FORMAT (8HORANGE E14.7,14H INTEGRATION I3,6H GAS I1,8H VALUE E
114.7,{/45x11,8xE14.7))

WRITE OUTPUT TAPE 5, 2000, NG,(XM(K),U(K),K=1,MG)
FORMAT (I1,4(A8,E16.6))

WRITE OUTPUT TAPE 6, 2001, NG, XM{%.),U(K),K=1 NG}
FORMAT (1H0.11,15X,4{A3,E16.8,(X))

GO TO 10C

END
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10
11
13
1000
12
20

1001

260

SUBROUTINE UGRAND

FUNCTION UGRAND(X)

COMMON Z0O,ZR,ZS5,PHLEPS NG XLAM NF,JG RS, GUT NMN,II.BEX,FAC,DELR,
B,C.D,E ,AN,AM,Z 22,222 T,XMR,P,R,AMD VK, UK, TAU,FTAU,TAUR ,RIN,IDB

DIMENSION AN(6),AM(6),2(261),22(501),227(501),T(261) XMR(4,261),

P(261),R(501),AMD(4,200),VK(4,200}, UK(4,150), TAU{4,6,150),

FTAU(4,505), TAUR(505),RIN(505)

DIMENSION Sw(4)

DZ = TAB(X,R(1),22(1),1,1,1,NF SW{1))

IF(DZ-1.E5) 4,6,6

IF (DZ) 20,2,2

DT = TAB(DZ,2(1),T(1),1,1,1,261 SW(2))

DP = TAB(DZ,Z(1),P(1).1,1,1,261,5W(3))

DM = TAB(DZ,Z(1},XMR(JG,1),1, 4,1,261 SW(4))

DO 3 J=14.1

J=J

IF(SW(N-1.0)3,3,7

CONTINUE

UGRAND= DM« ((DP/P(1))=*AN(JG)*(T{1)/DT)**AM(JG))

RETURN

1= 261

J=0

GOTO S8

CALL SCAN (DZ,Z,0,X,Y,1,261,X8)

GO TO (8,8,10,11), J

DZ = Z(1)

DT = T(D}

DP = P(})

DM = XMR(JG,I)

WRITE OUTPUT TAPE 6, 1000, J

FORMAT (1H0,12HCHECK SWITCH,12)

GO TO 5

UGRAND = 0.

RETURN

END

WRITE OUTPUT TAPE 6, 1001, X,DZ DP,DM,UGRAND

FORMAT (5E20.5)
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52
53

142

143
25
26

e LD

205
216
215

206
200
20
100
101

41

SUBROUTINE ATMO

COMMON R,ZH,ZL,PHIT,EPS NG, XLAM,NN JG RS, OQUT NMN HO.BEX,FAC,A,B,

1C,D,E,AN,AM,Z%,Q,Z.T,XMR,P,RH,4aMD,VK,UK, TAU,FTAU,1AUR,RIN,IDB

DIMENSION AN(6),AM(8),ZZ(261),Q(501), Z(501),T(26i) , XMR(4,261),
1P{261) RH(501),AMD{4,500),VK(4,200),UK(4,150), TAU(4,6,150),
2 FTAU@,505), TAUR(505) RIN(505),U(4,505)

DIMENSION THT(2), FM(2)

FORMAT(10X,9HPRESSURE- E12.7,22HERROR IN INTERPOLATION)

FORMAT(10X,12HTEMPERATURE=,E12.7.22HERROR IN INTER POLATION)

CALL FTRAP

TEST = 0.

1F (ZH-Z1) 142,143,143

ZX = 2L

ZL - ZH

ZH = Z2X

IF {IDB - 1) 26,26,25

TEST = 1.

CD = ABSF(C-D)

N = CD/200.

RNG SQRT(ZL*#2+ZF**2-2.+Z L+Z Hs COS(PHIT))

M=RNG/200C,

1F(M-N)2,3,3

FN=N

GO TO 4

FN=M

‘THTH=-ARCSIN(Z L+SIN (PHIT) /RNG)

1F (THTH) 216,205,216

RNG = CD

IF (500.-FN) 215,206,206

FN = 500.

GO TO 201

IF (FN-10.) 200,201,201

FN = 10.

IF(TEST) 41.41,i00

WRITE OUTPUT TAPE 6,101 RNG,FN, THTH

FORMAT(1H1,3(E14.6,2X))

DO 15 KK=1,10

W=RNG/FN

PHIS=0

RH(1)=0

2(1)=ZH

THT(1)=THTH

K=2.¢FN

NN=1

Z(1)=2Z(1)-R

EXT=0.0

ZZ(1)=EXT

DO 150 J=2,201,1

EXT=EXT+200.0
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150

160
54
55
56
57

58

99
110
111

69

T
140
141

72

72

T4

40

61
62
63

64

65

262

ZZ(J)=EXT

DO 160 J=202,261,1

EXT=EX [+1000,0

ZZ{I=EX7"

LQ=(Z(1)+261.)/.1E8
PP=TAB(Z{1),ZZ{1),P(1},1,1,1,261,5W)
IF{SW-1,0)56,56,55

PE=P{LQ)

WRITE OUTPUT TAPE 6,52,PP
TT=TAB(Z{1),ZZ(1},T(1),1,1,1,281 8W)
IF(SW-1.0)58,58,57

TT-T{LQ)

WRITE OUTPUT TAPE 6.53,TT

F)MS=1 .+(6432.8+294910,/(146,-(1./XLAM* * 2))+25540./(41.-(1./XLAM* *2
1)))*.1E-7

FMi1)=1.+(FMS-1.\+.; +(T{1)/273.15))«PP/{{1 +{TT/273.15)}* P(1))
Z(M=Z{1)R

DO 11 =1 K

NN=NN+1

RH/I+1)=RH{H+W

Z{+1)=SQRT{W*+2+. N **2- 2.« W+ Z()*+COS{(THT(1)))
PHI:ARCSIN(SIN(TR T{1)}* W/Z(I+1})

1F (TEST)69,69,110

WRITE QUTPUT TAPw 6,111, W, PHI, FM{1) RH(I),Z(
FORMAT(5(E14.6,1X},

IF{PHNT71,71,40

ZDIFF=Z(I+1)-ZL

IF{TEST)72,72,140

WRITE OUTPUT TAPE 4.141, W, PHI, FM(1), THT(1),RH(I),Z(])
FORMAT (6(E14.6,1X))

IF{(ZDIFF-10.)20,20,73

IF{w-2ZDIFF)11,11,74

W=ZDIFF

GO TO 11

Z{L1)=Z({I+1)-R

1.Q=(Z{1+1)+261,)/.1E6
PP=TAB(Z({I+1),2%(1),P{1),1,1,7,261,5W)
IF{Sw-1,0)62,62,61

PP=P{LQ)

WRITE QUTPUT TAPE 8,52,PP
TT=TAB(Z({I+1),2Z(1),T(1),1,1,7,261,8W)
IF(SW-1,0)64,64 63

TT=T({LQ)

WRITE OUTPUT TAPE 6,53, TT

FMS):I .+(6432.8+294910./(146.-(1 JXLAM® * 2))+25540./(41.-(1./XLAM* *
12))}*.1E-1
FM{2)=1.+(FMS-1.)%{1.+(T(1)/273.15))«PP/{{1.+{TT/273.15))+ P(1))
Z({I+1)=Z{I+1)+R

THT{2)=THT(1)+PHI

IF{1.570796-THT'(2))85,61,81
UMA2=-ARCSIN({FM(1)*SIN(THT(2)),/FM(2);

GO TO 60

THT({2)=3.1415928-THT(2)

1F(Z(n-Z(1+1))8¢,88,37
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86

87

88
80

=3

10

120
121
Il
I2
I3

79

70
89
130
131
I5
20
30

ar

34

35
36

GMA2=ARCSIN{FM(I)*SIN(THT(2}}/FM(2)}

GMAZ -3.141592-GMA2

GO TO 80

GMA2 =ARCSIN(FM(2)*SIN(THT(2))/FM(1))

GMA2=3.141592-GMA2

TO TO 80

GMA2-21415926- THT(I)

PHIS=PHIS+PHI

DELPHI=PHIT- PHIS

Y=(PHI*10.)/W

IF\DELPHI-Y)9,9,7

1F(DELPHI-PHI)8,8,10

W=DELPHI+W/PHI

GO TO I0

Z?OIFF=ZL-Z(I+1)

i¥'ZDIFF)79,12,12

FM({1)=FM(2)

THT(I)=GMA2

IF(TEST)I1,11,120

WRITE QUTPUT TAPE 8,121, PHIS,DELPHI,W,FM({I},THT(1)

FORMAT(5(E14.6,2X))

CONTINUE

IF(ZDIFF-10,)20,20.13

THTL=3.1415926- (TR TH+PHIT)
X=SQRT(ZDIFF*+2+RNG#»2-2 * RNG*Z DIV F* COS{(THTL))
ALPH=ARCSIN(ZDIFF*SIN(THTL)/X)

THTH=THTH+ALPH

GO TO 89

ZDIFF=-ZDIFF

IF(ZDIFF-19.)20,20,70

THTH=-THTH- .I*ALPH

IF{TEST)I5,15,130

WRITE OUTPUT TAPE 6,131, THTL,ALPH,THTH, THT(I), FM(l),W,ZDIFF

FORMAT(7(EI2 4,1X))

CONTINUE

WRITE QUTPUT TAPE 8,30, THTH,THT{(2)

FORMAT(IH-,3TX ,9HTHETA(I)-,EI12.6,124 THETA(NN)=,EI2.6/8H INDEX,
125X, 8HALTITUDE,I8X,24HRANCF. FROM HIGHEST POINT,//)

IF(IDB) 34,3814

I=1

WRITE OUTPUT TAPE 6,37. I,Z{I},RH{1)},NN,Z(NN),RH(NN)

FORMAT(3XI4 ,24XEI6.8,23XE16.8/I2H. . . . . . /3XI4,24XE14.8,23XEIS
1.8)

RETURN

DO 35 I=1,NN

K=NN+I-1

WRITE OUTPUT TAPE 6,36,1,Z(I},RH(I)

FORMAT(3X,14,24X ,E16.8,23X ,E16.8)

RETURN

END
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10
I
28

29
30

40

50
200
101
102
103
105
I10
IIS
128

129
130

140
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SUBROUTINE SCAN

SUBROUTINE SCAN {UN,TAB.J XLOW,HIGH.KN ,LBH,NOC})

NC=0

1F (1 100,100,200
DIMENSION TAE i4,1)

IF (TAB(I}- UN) 1,28,50

IF (TAB{LBN)-UN) 50,29,2
LHP = LBH

LLP=1

LTEST = (LHP-LLP)/2 + LLP
IF (TAB(LTEST) - UN} 5,30,10
LLP = LTEST

GO TOI5

LHP = LTEST

IF (LEP-LLP-1)50,40,3
LTEST = I

GO TO 30

LTEST = LBH

KN = LTEST

XLOW = TAB(LTEST)

HIGH = 0.

RETURN

KN = LHP

XLOW = TAB/LLP)

HIGH = TAB(LHP)

RETURN

NG =1

RETURN

{F (TAB(J,I}- UN) 10I,128,50
IF (TAB(J,LBH) - UN) 50,129,102
LHP = LBH

LLP=1

LTEST = (LHP-LL#)/2 + LLP
IF (TAB{J,LTEST)-UN) 165,130,110
LLP = LTEST

GO TO I1I5

LHP = LTEST

IF (LKP-LLP-1) 50,140,103
LTEST =1

GO TO 130

LTEST = LBH

KN = LTEST

XLOW = TAB{J,LTEST)

HIGH = 0,

RETURN

KN = LHP

XLOW = TAB{J,LLP)

HIGH = TAD{J,LIIP)

RETURN
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Appendix 11
COMPUTER PROGRAM FOR CALCULATING ELSASSER BAND-MODEL
TRANSMISSIVITY FUNCTION *

Absorption by an Elsasser model has been given as:
¥
A =sinh ,BJ' exp (-y cosh 5)Eo(y)dy (198)
0

where y = Ei—ﬁﬁ_ﬁ is a function of the properties of an Individual line. A simple algorithm, con-
verging for all values of x and @, can be derived as follows. Let

¥
J =j exp (-t cosh ﬂ)!o(t}dr.
]

Then by expanding the Bessel function into its power series, we obtain

¥ ® 4
J =J. exp (-t cosh ﬂ)ant dt
0 n=Q}

ar

) y
m
J = mejot exp (at)dt
m=0

where a = cosh 8. Let

Then

J =anan (109)

*This expansion was derived by D. Lundholm of Lockheed Missiles and Space Company.
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Integrating hy parts gives the recursion forinu'a for an as

S gy
and
nin - 1) y nyr.-l
B Rt S R "“‘(? * "*;2—)
because
bn o1 for n even

[(m/2):]F2™
and

bn =0 for n odd
Then

7. i 390
nzo(nr)zzzn

where

Y
3, =I exp (-at)dt = i{l - exp (-ay)]
0

and from the recursion formulas,

a a a
24 24 24y 12y° 4 4P
a =—-exp(-ay)—+—x+-—!—+—y—+'v—
4" 5 5t a3t 3t 3ty
a a a a a

This suggests the following formula for a:

n n
a

nt S (ay)”
e LD
m=0

-
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Thus the sum approaches exp (ay} as n approaches infinity and the term in brackets approaches
zero. Equations 109-111 then furnish an algorithm solution to equation 108; this algorithm is
in convenient form for modern digital computers.

George Oppei wrote a subroutine, ELSR, in Fortran IV for either the IBM 7094 or Sperry
Rand 1108. The program uses the above theory and is used by the following sequence of
FORTRANM statements to calculate transmission.

2ralS

B2X = 2“ +WsP (112)
d
BX =5/d*W (113)
T = 1. - ELSR(B2X, BX) (114)

Equations 112-114 can be used to compute transmission for any gas for which the Elsasser
model is applicable.and the absorption coefficients are in the form noted in equation 112 and 113.
Unfortunately, only the methods of Oppel and Bradford are in the required form. Hence, these
equations cannot be applied to other methods without some modttléaIIOn of the ELSR program.
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SUBROUTINE ELSR

ABSORPTION BY UNIFORMLY SPACED LINES - ELSASSER MODEL
DIRECT INQUIRIES TO GEO OPPEL, LOCKHEED MISSILES AND SPACE -
COMPANY, SUNNYVALE, CALIF.

FUNCTION ELSR(Z,BX)

1F(2) 3,3,4

ELSR=0.

RETURN

IF(BX)14,14,2

BETA=Z/BX

X=BX/BETA

P1=3.1415926

IF(X-.01)5,5,6

IF(BETA-1.)7,20,20 §

IF(BETA#**2/X-100.)22,22,20

1F(X-20.)8,11,11

IF{Z-.01)10,13,13

IF(BX-.9)10,14,14

ELSR-1.-EXP(-BX)

RETURN

ELSR=SQRT(2.*Z/P1)

RETURN

U=SQRT(.5*Z)

ELSR=1.-(1./(1.+U*{. 1411282 1+Ux(. 08864027+ U*(. 0243349+ Ux(-. 000384)

e

—— T,

RETURN

IF(X-150.)7,21,21

FACT=1.

BES=1.

BEA=2.

A=l

B=I.

DO 17 1=1,10

FACT=FACT*FLOAT(I)

J=2*l-1

IF(X-5.)23,23,12
BES=BES+(X/2.)**J*(FLOAT(I)}+X/2.)/FACT/FACT
1F(ABS(1.-BEA/BES)-1.E-3)15,16,16
A=ArFLOAT(J)**2

B=B+(4.- FLOAT(J)**2)
BES=BEA+{A+(-1.)**xIxB)/FACT/(8.#X)#*1
IF(ABS{1.-BEA/BES)-1.E-3)27,16,16
BEA=BES

CONTINUE

ELSR=BES* BETA*SQRT(X/2./P1)
RETURN
ELSR=BETA*X*EXP(-X)*BES
RETURN
BA=.5*(1./EXP(-BETA)-EXP{-BETA))
AB=5%(1./EXP(-BETA)+EXP{-BETA))
FACT=1

Y=BX/BA

R=EXP(-AB*Y)

b i e e s IR IR




102

103

24
25

A2M=({1.-R)/AB
A=A2M
AM=2,

24 1=1,24
s LOAT(T)
T=2.*S
FACT=FACT=*S
XYZZ=120.*ALOG(2.)
IF(S*ALOG(Y)-XYZZ/2.)103,103,102
XYZZ=120./T
Y=2.%*XYZZZ
CONTINUE

AZM=T*(T-1.}*A2M/AB**2-R*((**T/AB+T*Y**(T-1.)/AB**+2)

A=A+AZM/((FACT)*»2%2.#+T)
IF(.002- ABS(A-AM))24,24,25
AM=A

ELSR=A*BA

RETURN

END
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